Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-12-2016

Nutrient and Irrigation Management of Encore Azalea 'Chiffon'
Using Biocontainers
Tongyin Li

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Li, Tongyin, "Nutrient and Irrigation Management of Encore Azalea 'Chiffon' Using Biocontainers" (2016).
Theses and Dissertations. 3332.
https://scholarsjunction.msstate.edu/td/3332

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v3.0 (beta): Created by J. Nail 06/2015

Nutrient and irrigation management of Encore azalea ‘Chiffon’ using biocontainers

By
TITLE PAGE
Tongyin Li

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Horticulture
in the Department of Plant and Soil Sciences
Mississippi State, Mississippi
August 2016

Copyright by
COPYRIGHT PAGE
Tongyin Li
2016

Nutrient and irrigation management of Encore azalea ‘Chiffon’ using biocontainers
By
APPROVAL PAGE
Tongyin Li
Approved:
____________________________________
Guihong Bi
(Co-Major Professor)
____________________________________
Richard L. Harkess
(Co-Major Professor)
____________________________________
Eugene K. Blythe
(Committee Member)
____________________________________
Geoffrey C. Denny
(Committee Member)
____________________________________
K. Raja Reddy
(Committee Member)
____________________________________
Michael S. Cox
(Graduate Coordinator)
____________________________________
J. Mike Phillips
Department Head
____________________________________
George M. Hopper
Dean
College of Agriculture and Life Sciences

Name: Tongyin Li
ABSTRACT
Date of Degree: August 12, 2016
Institution: Mississippi State University
Major Field: Horticulture
Major Professors: Dr. Guihong Bi and Dr. Richard L. Harkess
Title of Study: Nutrient and irrigation management of Encore azalea ‘Chiffon’ using
biocontainers
Pages in Study: 153
Candidate for Degree of Doctor of Philosophy
Encore azaleas are popular ornamental plants for their full sun tolerance, coldhardiness, low maintenance requirements, and reblooming habit in spring, summer, and
fall. With their varying growth rates and multiple blooms during a growing season, there
is limited information on the nutrient and irrigation requirements of Encore azalea
cultivars. The objectives of this study were to investigate the optimum nitrogen (N)
requirement of Encore azalea ‘Chiffon’ during a growing season and determine how
irrigation frequency and fertilization practices (rates, methods, and timing) affect plant
growth and nutrient uptake using both a traditional plastic container and a paper
biocontainer. One-year-old liners of Encore azalea ‘Chiffon’ were treated with different
N fertigation rates, irrigation frequencies, and sprayed with 3% urea or water in late fall.
Plants were investigated for their growth responses and flower production, and analyzed
for nutrient and carbohydrate status in different studies when they were grown in both a
traditional plastic container and a biodegradable container made from a mix of recycled
paper. The biocontainers increased plant growth index, plant dry weight, leaf area, root
growth, and uptake of both macro- and micronutrients using N rates of 10, 15, and 20

mM. During a growing season, the biocontainer-grown plants had three flushes of growth
while the plastic container-grown plants had only two. The third flush of growth on the
biocontainer-grown plants occurred in mid-September, resulting in greater dry weight
and N uptake than with plants grown in plastic containers. One irrigation per day resulted
in higher flower count and greater root length and surface area. Foliar urea application in
late fall was effective in improving plant N status by increasing plant N concentration and
content without affecting plant dry weight, but decreased tissue concentrations of
glucose, fructose, sucrose, and starch to varying degrees.
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INTRODUCTION
As one of the most popular ornamental crops in the U.S., azalea (Rhododendron
sp.) has a market value of roughly 19 million US dollars (USDA, 2015). In 2013 and
2014, respectively 4.4 and 4.1 million azalea plants were sold in the U.S. (USDA, 2015).
Encore® azaleas, a brand of patented azaleas, are marketed as the world’s best-selling
reblooming azaleas, and currently include 29 varieties with different flower colors and
growth habits. Encore® azaleas have become a popular choice among azalea cultivars
because of their full sun tolerance, low maintenance requirement, and ability to produce
flowers in spring, summer, and fall.
Alternative containers made from biodegradable materials, such as feathers, peat,
coir, or peat, have been investigated in recent years to reduce use of traditional
petroleum-based plastic containers and to improve consumer perception of sustainable
practices in ornamental plants production (Hall et al., 2009, 2010; Yue et al., 2011).
Depending on plant species/cultivar and specific materials used for the containers, a
variety of biocontainers were found to produce plants of quality similar to those grown in
traditional plastic containers (Koeser et al., 2013; Kuehny et al., 2011). However, little
information was found on the influence of biocontainers on plant nutrient uptake.
Nutrient management is one of the most important practices in commercial
nursery production of ornamental plants, with nitrogen (N) often considered as the main
1

limiting factor for plant growth. Nitrogen uptake by Rhododendron species is better
documented for plants in natural ecosystems rather than for container production systems
in which different substrate environments can alter plant nutrient uptake (Marschner,
2012). Different commercially grown cultivars of Rhododendron sp. vary in their growth
rates and nutrient requirements (Grelet et al., 2001; Scagel et al., 2008a, 2008b). There is
little information available about optimum nutrient requirements of Encore® azaleas with
their multiple blooming per growing season compared to traditional azaleas which
produce a single blooming in spring, and there have been questions from both growers
and gardeners about how to efficiently grow this particular kind of azalea.
N uptake by a given species/cultivar is subject to a number of factors, including
irrigation method, climate, and growth rate (Gastal and Lemaire, 2002; Million et al.,
2007; Scagel et al., 2007, 2011). Nutrient uptake also varies within a growing season,
between growing seasons, between production sites, and between crops (Chang et al.,
2012; Pradubsuk and Davenport, 2010; Ristvey et al., 2007). With sufficient N supply,
plant N uptake is, to a large degree, determined by the growth rate of plants (Gastal and
Lemaire, 2002). Providing plants with the optimal nutrient supply relies on specific
information on nutrient requirements of a species/cultivar, plant growth stage during the
growing season, climatic conditions, and substrate composition (Cardarelli et al., 2010;
Gómez-López et al., 2006). In addition, increased N fertilization has been found to
change plant demand and uptake for other mineral nutrients which should be taken into
consideration so as to provide plants with a balanced fertilizer formula.
Increased irrigation frequency has been used to reduce nutrient leaching compared
to a single irrigation with the same total irrigation quantity and to alleviate possible
2

nutrient deficiencies (Fare et al., 1994). Soil moisture conditions can be influenced by
altering irrigation frequency (Levin et al., 1980), which can affect nutrient availability to
plant roots. However, the influence of different irrigation frequencies on plant growth and
nutrient uptake have not been studied for Encore® azaleas.
Foliar urea application serves as an effective alternative for improving plant N
status in late fall after terminal bud sets, resulting in increased tissue N concentration
without influencing plant biomass (Bi et al., 2004, 2008; Xia and Cheng, 2004). The
improved N status has been found to be important in sustaining new growth the following
spring. Urea spray application has also been reported to alter uptake of nutrients other
than N and alter carbohydrate concentration in different tissues (Scagel et al., 2008a).
Such information is not available for Encore azaleas®.
The objectives of this study were to: 1) investigate N requirement of Encore®
azalea ‘Chiffon’; 2) investigate plant nutrient uptake during a growing season; 3)
investigate effects of irrigation frequency on plant growth and nutrient uptake of Encore®
azalea ‘Chiffon’; 4) investigate effects of fall foliar urea application on plant N status and
tissue carbohydrate concentrations; and 5) investigate the feasibility of using a paper
biocontainer vs. a traditional plastic container in the production of Encore® azalea
‘Chiffon’ in response to the above treatment factors.
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LITERATURE REVIEW
Encore® azaleas
Azaleas are species within the genus Rhododendron, which is one of the 125
genera in the large Ericaceae family, comprising about 3,500 species, mostly shrubs.
Plants in the Ericaceae are known to require acid soils and have a low fertility
requirement (Elpel, 2015). Rhododendron is one of the most well-known and
economically important genera. Rhododendron as a common name is generally used to
refer to Rhododendron species with large, leathery, and evergreen leaves. Azalea, on the
other hand, refers to Rhododendron species with smaller and thinner leaves.
As one of the most popular ornamental crops in the U.S., azalea has a market
value of roughly 19 million US dollars (USDA, 2015). In 2013 and 2014, respectively 4.4
and 4.1 million azalea plants were sold in the U.S. (USDA, 2015). Encore® azaleas, a
brand of patented azaleas, are said to be the world’s best-selling reblooming azaleas,
currently comprising of 29 cultivars with different flower colors and growth habits
(Encore azalea, 2016).
Encore® azaleas were invented by breeder Robert E. “Buddy” Lee and have been
on the market for over 15 years. Inspired by the summer blooming azalea, Lee started
crossing traditional spring-blooming azaleas with a rare Taiwanese summer-blooming
azalea, Rhododendron oldhamii, in 1980s (Encore azalea, 2016). Encore® azaleas have
6

become popular choices among azalea cultivars because of their full sun tolerance, low
maintenance requirements, and ability to produce flowers in spring, summer, and fall
(Wilson Bros Nursery, 2009). Blooms of Encore® azaleas, from pink, purple, red, white,
to bicolor, add vivid color to the landscape season after season. Their size runs from
dwarf (2-3 feet tall and 3-4 feet wide) to intermediate (4-5 feet tall and 3-4 feet wide),
giving gardeners plenty choices. They also have an established reputation of being cold
and heat hardy and are recommended for US hardiness zones 7 to 10, with some
tolerating the cold temperatures of zones 6a and 6b.
Many Encore® cultivars start to produce flowers in the spring. After this “first
act” blooming, new shoots will begin to grow and set flower buds. Then comes the
“second act” blooming when the new buds open into full flower during summer. This
unique bloom season lasts through fall and ends with the onset of cold weather. Encore®
azaleas show good performance under full sun exposure or in filtered shade, preferably
afternoon shade, and are easy to grow. They are similar to traditional azaleas in that they
require proper planting, watering, and care to thrive. They need very little pruning to
retain good shape (Wilson Bros Nursery, 2009).
The use of alternative containers in horticultural production
Container production of horticultural plants has created widespread environmental
concern over the disposal of tons of plastic every year, with plastic containers having
been used as the predominant container type due to their reliability and flexibility with a
relatively inexpensive price (Nambuthiri et al., 2015a). A recent report estimated the
plastic use for the production of ornamentals to be 1.66 billion pounds (Schrader, 2013).
Alternative containers made from biodegradable materials, such as feathers, peat, coir, or
7

peat, have been investigated in recent years to reduce use of traditional petroleum-based
plastic containers and to improve consumer perception of sustainable practices in the
production of ornamental plants (Dennis et al., 2010; Hall et al., 2009, 2010; Yue et al.,
2011). These biocontainers, generally defined as containers that are not made from
petroleum and degrade rapidly when placed into the field or placed in a compost
operation, were designed to have varying characteristics of being plantable or
compostable (Evans et al., 2010; Nambuthiri et al., 2015a). Biocontainers made from
different materials have been investigated as sustainable alternatives to conventional
plastic containers under varying production systems (Beeks and Evans, 2013a, 2013b;
Evans and Hensley, 2004; Evans and Karcher, 2004; Kuehny et al., 2011; Li et al., 2015;
Nambuthiri et al., 2015a; White, 2009). They were reported to have varying influence on
plant growth as well as water consumption characteristics. Biocontainers may potentially
be as or more sustainable than traditional plastic containers when it comes to the carbon
footprint or global warming potential, though containers were not considered a major
contribution to overall global warming potential compared to supplemental lighting in
production (Koeser et al., 2014).
Biocontainers and plant growth and quality
Depending on plant species and specific materials used for the containers,
biodegradable containers have been reported to have positive, negative, or no effect on
plant growth (Beeks and Evans, 2013a; Evans and Hensley, 2004; Koeser et al., 2013a;
Kuehny et al., 2011). A variety of biocontainers made from materials such as peat,
manure, coir, straw, or wood fiber, have been found to be able to produce plants of equal
quality to those produced in traditional plastic containers (Koeser et al., 2013a; Kuehny et
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al., 2011). Paper and wood fiber containers resulted in higher dry root weight of ‘Rainier
Purple’ cyclamen (Cyclamen persicum) than did plastic containers (Beeks and Evans,
2013a). Greater shoot growth was produced in 5-inch plastic containers than in bioplastic
or rice straw containers with ‘Score Red’ geranium (Pelargonium × hortorum) and
‘Grape Cooler’ vinca (Catharanthus roseus) (Kuehny et al., 2011). Despite the difference
in plant growth, all the investigated containers can produce quality commercial plants of
geranium and vinca for retail or landscape uses (Kuehny et al., 2011). Both root and
shoot growth of ‘Dazzler Lilac Splash’ impatiens (Impatiens wallerana) responded
similarly among all tested container types (plastic, paper, rice hull, peat, coconut fiber,
composted dairy manure, Fertil [80% cedar fiber and 20% peat; Fertil International,
Boulogne-Billancourt, France], and bioplastic) (Kuehny et al., 2011). Two paper
biocontainers produced river birch (Betula nigra) plants with PGI and plant biomass
comparable to plants grown in plastic containers in a pot-in-pot (PIP) system (Li et al.,
2015). Koeser et al. (2013a) also reported that ‘Florida Sun Jade’ coleus (Solenostemon
scutellarioides) plants grown in biocontainers were of equal size and quality to those
grown in plastic containers under a hand irrigation, ebb-and-flood, or drip irrigation
system. Additional N from the decomposition of feather containers was considered to be
a factor that resulted in higher dry shoot weights of plants grown in feather containers
compared with those grown in peat containers (Evans and Hensley, 2004).
Biocontainers and water usage
Traditionally, when plants are grown in plastic containers, evaporation loss of
water to the environment is mainly through the substrate surface rather than the side wall
since the plastic containers are largely impervious to water. Use of biodegradable
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containers as a sustainable alternative to plastic containers has altered the water
consumption characteristics of container-grown plants (Koeser et al., 2013b; Wang et al.,
2015). Depending on the hydrophilic or hydrophobic materials that constitute the
bicontainers, biocontainers can have various water use characteristics. Biocontainers
constructed with materials such as peat, wood fiber, straw, or paper are highly porous in
nature, and tend to require more frequent irrigation and a greater total amount of water
than traditional plastic containers (Evans and Karcher, 2004; Evans et al., 2010; Koeser et
al., 2013b; Wang et al., 2015). The predicted total water loss for peat containers was
roughly 2.5 times greater than for feather containers, and the predicted water loss per cm2
for the peat container was roughly 3 times greater than feather containers (Evans and
Karcher, 2004). ‘Cooler Blush’ vinca [Catharanthus roseus (L.) G. Don.] and ‘Dazzle
Rose Star’ impatiens (Impatiens walleriana Hook f.) required more water and more
frequent irrigation when grown in feather and peat containers than when grown in plastic
containers (Evans and Karcher, 2004). When grown outdoors in 1-gal recycled paper
containers, the average water use of ‘Gold Splash’ wintercreeper (Euonymus fortunei)
was 30% to 50% higher than with traditional plastic containers (Nambuthiri et al.,
2015a).
With increasing water loss between irrigation events, some of these porous
containers, such as wood fiber, manure, or straw containers, produced smaller plants of
‘Yellow Madness’ petunia (Petunia ×hybrida) (Koeser et al., 2013b). The difference in
water availability due to the higher drying rate of the feather biocontainer was thought to
have a greater effect on plant growth, which might have contributed to the higher dry
shoot weights of ‘Janie Bright Yellow’ marigold (Tagetes patula L.), ‘Cooler Blush’
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vinca, and ‘Orbit Cardinal’ geranium (Pelargonium ×hortorum L.H. Bailey) grown in
plastic containers compared with feather containers (Evans and Hensley, 2004). The
increased water usage, mostly considered to be an insignificant contribution to the higher
production cost when using biocontainers (Brumfield et al., 2015), has unforeseen impact
on the water status, the nutrient availability being limited by the hydraulic conductivity in
the substrate, and therefore the plant growth and its nutrient uptake.
Increased water use of some biocontainers can be avoided in certain production
systems. Li et al. (2015) reported similar water use of two paper biocontainers compared
with plastic containers in a PIP production system, where the production pots were
installed into an in-ground plastic container (socket pots). When grown in plantable
biocontainers made from corn or palm, plants are reported to have a longer period of
initial establishment when transplanted with the biocontainers intact, possibly due to
inadequate irrigation and temporary root restriction (Sakurai et al., 2005). Water
availability between two irrigation events may also influence the nutrient availability to
the plant in the substrate (Scagel et al., 2011). However, sidewall water loss of these
alternative containers was reported to contribute to a reduced substrate temperature,
which is thought to alleviate heat stress and enhance plant survival at locations with hot
summers (Nambuthiri et al., 2015b).
Physical properties and lifespan of biocontainers
There have been concerns of using biocontainers regarding their resistance to the
handling pressure in production, as well as container longevity. The physical properties
of different biocontainers and their suitability of being used in various production
systems have been investigated. Evans et al. (2010) investigated the physical properties
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of 8 biocontainers compared to plastic containers, including a 4-inch plastic, 5-inch
plastic, 5-inch bioplastic (OP47), 4-inch Fertil (composed of 80% cedar fiber and 20%
peat), 4-inch Cowpot (composted dairy manure), 4-inch coconut fiber, 4-inch peat, 4-inch
rice hull, 4-inch paper, and 4-inch rice straw containers. Rice hull containers had the
greatest vertical dry strength, with the bioplastic, coconut fiber, and rice straw containers
having the least dry vertical strength. Rice hull and paper containers had the greatest
lateral dry strength. In addition, the greatest wet vertical and lateral strengths were found
with plastic, rice hull, and paper containers (Evans et al., 2010).
In another study, physical property of various biocontainers was determined for a
15-week production of ‘Rainier Purple’ cyclamen in ebb-and-flood benches (Beeks and
Evans, 2013b). Bioplastic, solid ricehull, and slotted ricehull containers were considered
to be good substitutes for plastic containers because they retained high levels of punch
and tensile strength, had no algal and fungal growth, and required similar amounts of
solution as the plastic containers (Beeks and Evans, 2013b). Similar used strength was
found among plastic, bioplastic, solid ricehull, slotted ricehull, paper, and coconut fiber
containers in this study. On the other hand, peat, dairy manure, wood fiber, and rice straw
containers were not appropriate substitutes for plastic containers because of their low
used strength, high percentage of algal and fungal coverage, and shorter irrigation
intervals, with the wood fiber containers having 79% coverage of algae and fungi on the
sidewalls as well as 100% coverage at the bottom and middle zones (Beeks and Evans,
2013b).
The compatibility of biocontainers in current production systems is another
concern of growers and a barrier to their widespread adoption. The ability of
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biocontainers to withstand the rigors of a semi-mechanized commercial production
process was investigated by Koeser et al. (2013a) who showed some biocontainers were
more prone to damage during crop production, handling, and shipping. The coir, paper,
and pressed manure containers had a higher percentage of containers that were fillingdamaged. A higher percentage of peat and pressed manure containers were subject to
shipping damage (Koeser et al., 2013a). Root penetration and broken bottoms of paper
biocontainers were found at the end of a two-year production of river birch in a PIP
production system due to the vigorous root growth and the handling pressure during plant
harvest (Li et al., 2015). It was recommended the root growth vigor of a given plant
species, as well as irrigation management, should be taken into consideration when
adopting biocontainers in different production systems, and paper biocontainers should
not be used for long-term production of more than one growing season in a PIP system
for river birch (Li et al., 2015).
Biocontainers showed differences in appearance and durability ratings in longterm production (12-16 weeks transplant to finish) for the greenhouse crop ‘Eckespoint
Classic Red’ poinsettia (Euphorbia pulcherrima). Plastic, rice hull, wheat starch-derived
bioresin, and molded fiber containers had the highest rating of 5 after 14 weeks of
production, remaining unchanged in appearance and integrity. Straw, coconut coir,
composted cow manure, Canadian sphagnum moss, and wood pulp containers received
lower ratings of 2.9, 2.7, 1.4, 1.6, and 1.6, respectively, showing varying degrees of
compromised container integrity (Lopez and Camberato, 2011). Though there was not a
negative effect from any of the seven tested biocontainers on plant quality, the
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marketability of these plants was thought to be affected by the integrity of the containers
(Lopez and Camberato, 2011).
Grower and consumer acceptance of biocontainers
The cost budgets of producing two woody species using alternative containers in
aboveground nursery systems were investigated by Brumfield et al. (2015). They found
the main factor causing the price difference in the production inputs was the price of the
pot, compared to other costs including the plant itself, liner shipping costs, pot shipping
costs, substrate, substrate shipping costs, municipal water, and labor. Brumfield et al.
(2015) also suggested the cost of using biocontainers must be more competitive with
plastic containers to make them more acceptable to commercial growers.
When it comes to organically, locally, or sustainably produced ornamental plants,
consumer focus on nutritional value does not apply as it does with food products. More
attention has been paid to the aesthetic value (Yue et al., 2011). Consumers did show
interest in buying ornamental plants that were grown in biodegradable and compostable
containers (Yue et al., 2011). However, compared to traditional pots, biodegradable
containers were less appealing to consumers.
Surveys have been conducted to investigate consumer preference in buying plants
that are locally produced and produced with sustainable features (Behe et al., 2013).
Khachatryan et al. (2014) linked consumers’ concerns toward environmental issues to
their willingness to pay a premium for proenvironmental attributes. Their results showed
that individuals were willing to pay a premium for energy-saving production practices
($0.131), non-plastic containers such as compostable ($0.227), plantable ($0.122), and
recyclable ($0.155) containers, and locally grown plants ($0.222). Individuals showing
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higher environmental concern were willing to pay a higher premium for all the above
attributes (Khachatryan et al., 2014). The awareness of environmental issues and
willingness to pay a premium for horticultural products varies across different consumer
segments with different income levels (Behe et al., 2010; Hall et al., 2010). It was
suggested by Behe et al. (2013) that horticultural product marketers may receive financial
reward (e.g., willingness-to-pay a premium) for their effort of designing environmentally
sound products (e.g., water- or energy-conserving plants or recyclable plant containers).
With the availability of more attractable biodegradable containers, there is increased
interest and acceptance toward sustainably produced plants. Hall et al. (2010)
investigated consumer-desired characteristics of biocontainers and showed that rice hull
containers were the most popular biocontainers, followed by straw containers.
Nitrogen fertilization and photosynthesis, plant growth, and N uptake
Depending on plant species, there is generally 2% to 6% N in leaves on a dry
weight basis (Jones, 1998; Munson, 1998). Considering that up to 75% of N in leaves of
C3 plants was composed of photosynthetic apparatus, carbon assimilation of plants was
largely dependent on N status through leaf area development (Evans, 1989; Evans and
Terashima, 1987). N held by Calvin cycle enzymes and ribulose-1, 5-bisphosphate
carboxylate/oxygenase (Rubisco) ranged from 15% to 35% of all leaf N (Barker and
Bryson, 2007). It was reported by Chen and Cheng (2003) that both light-saturated CO2
assimilation at ambient CO2 and at saturating CO2 increased curvilinearly as leaf N
increased, as a result of different N fertigation rates. Key enzymes in the Calvin cycle and
sucrose and starch synthesis increased linearly with increasing N content (Chen and
Cheng, 2003). It was also found that N-deficient leaves of grapevines ‘Concord’ (Vitis
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labrusca L.) accumulated less soluble carbohydrates as a result of lower CO2 assimilation
(Chen and Cheng, 2003).
The allocation of N between growing and mature leaves affects plant growth rate
(Gastal and Lemaire, 2002). Since N in leaves is translocated to other strong N sinks such
as developing fruit and seed (Heerema et al., 2014), the remobilization of N was
considered to be correlated with reduction in leaf photosynthetic capacity (Aguera et al.,
2010). Heerema et al. (2014) reported that N concentration in leaves on fruiting shoots
was significantly lower than on non-fruiting shoots. Net photosynthesis was reduced as a
result of decreased N concentration in leaves on fruiting shoots of pecan [Carya
illinoinensis (Wangenh.) K. Koch.] in response to the remobilization of N to developing
kernels (Heerema et al., 2014).
There is well-documented data of N uptake and use by Rhododendron species
growing in natural ecosystems (Lamaze et al., 2003; Pasche et al., 2002; Witt, 1994).
However, to a large extent, such information may not apply to container-grown plants for
which different horticultural practices are used and substrate environments have different
physical and chemical characteristics, all of which can alter plant nutrient uptake
(Marschner, 2012). There are many different commercially-grown cultivars of
Rhododendron sp. showing varying growth rates and nutrient requirement (Grelet et al.,
2001; Scagel et al., 2008). There is little information available about optimum nutrient
requirements of Encore® azaleas with its multiple bloomings during the growing season
compared to traditional spring-blooming azaleas. There have been questions from both
growers and gardeners about how to efficiently grow this particular kind of azalea.
Information regarding fertilization and water use in the culture of Encore® azaleas to
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maximize production efficiency and reduce water and fertilizer use would be of great
value.
Azaleas are generally known as light feeders (Larson, 1993). They do not respond
well to high N rates, which can increase plant susceptibility to fungal disease and reduce
winter hardiness (Witt, 1994). According to Michałojć and Koter (2012), the optimal
nutrient levels in azalea leaves are: 1.88 – 2.20% N, 1.0-1.7% K, and 0.60 – 1.20% Ca.
Under overhead irrigation, increasing the N rate to 1.5 or 2.0 lb/yard3 resulted in lower
shoot dry weight and shoot height of ‘George Tabor’ Rhododendron sp. compared to 1.0
lb/yard3 N, where 1.5 lb/yard3 was the recommended rate for resin-coated controlledrelease fertilizer (Nutricote 17N-3.1P-6.7K, 180 d at 77 °F) (Million et al., 2007). In
another study, increasing N fertilization rate was found to largely promote shoot growth,
with decreasing N and P fertilization rates promoting root growth (Ristvey et al., 2007).
Increasing N and P fertilization rates also increased the amount of nutrients leached to the
environment and decreased uptake efficiency (Ristvey et al., 2007). Optimal plant growth
of ‘Karen’ Rhododendron L. was maintained by use of an intermediate fertilization level
(100 mg N and 5 mg P per week) compared to lower (25 mg N) or higher (250 mg N)
fertilization rates. Bi et al. (2007) reported similar results with N uptake efficiency of
one-year-old rhododendron (Rhododendron ‘P.J.M’) and azalea (Rhododendron
‘Cannon’s Double’) declining linearly with an increasing rate of N fertilization from 5 to
20 mM. Therefore, investigation of the nutrient requirements of a certain species/cultivar
is necessary for an efficient fertilization program so as to improve N uptake efficiency of
plants.
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Appropriate N application rate has long been a concern of researchers and
growers to optimize plant growth and minimize run-off of N fertilizer, as well as
potential contamination of ground water. Research that related nutrient application to the
requirements of a species/cultivar hold true mostly under a certain set of growing
conditions, which largely determine the nutrient availability of substrate nutrients to plant
root systems (Bi et al., 2007; Million et al., 2007; Ristvey et al., 2007). Gastal and
Lemaire (2002) concluded N uptake was largely driven by internal plant regulation (in
other words plant growth rate and biomass accumulation) under sufficient N supply.
Therefore, a dwarf cultivar with a slow growth rate should have a relatively lower N
requirement than a cultivar with a higher growth rate within a species. Determination of
the critical N rates should be based both on substrate nutrient availability (N supply) and
crop growth (N demand). Besides plant growth requirements, nutrient uptake is also
largely influenced by environmental conditions such as water availability and
temperature (Marschner, 2012)
N fertilization rate affects plant growth and N uptake, which are of great
importance in sustaining both vegetative and reproductive growth (Bi et al., 2003, 2008;
Cheng et al., 2004). Both plant biomass and N content increased with increasing N
fertigation rate in Hydrangea macrophylla ‘Merritt’s Supreme’ (Bi et al., 2008). Total
amount of N in dormant vines of ‘Concord’ grape also increased with increasing N
fertigation rate from 0 to 20 Mm (Cheng et al., 2004). N concentration in both stem and
root tissues were found to be positively correlated with N fertigation rate in
‘Nonpareil’/’Nemaguard’ almond (Prunus dulcis) trees (Bi et al., 2003). However, N
uptake efficiency was reported to decrease linearly with increased N fertigation rate (Bi
18

et al., 2007) suggesting the determination of optimum N fertilization rate should take into
consideration both plant growth response and uptake efficiency of the applied N
fertilizer. Plant species vary in their N demand, and higher N rates do not necessarily
result in better plants. When coir was used as the substrate to grow Anthurium
andraeanum Lind., plants receiving 105 mg/L and 158 mg/L N produced greater dry
weight, leaf area, and flower number than those receiving 79 or 210 mg/L N, and better
quality cut flowers resulted from 158 mg/L as indicated by their wider, circular spathe
(Chang et al., 2012). Insufficient N (79 mg/L) retarded plant growth and reduced CO2
assimilation. On the other hand, excessive N (210 mg/L) reduced nutrient uptake of
potassium (K) and magnesium (Mg) (Chang et al., 2012).
Storage N and spring new growth
Stored N during the current growing season has been proven to be important in
sustaining plant new growth the following spring in a number of plant species. Cheng et
al. (2004) concluded N supply during the current season played an important role in
sustaining vine growth and development of ‘Concord’ grape, especially fruit growth.
Increased total N and decreased total nonstructural carbohydrates (TNC) were found in
dormant vines of ‘Concord’ grape at each of the five N fertigation rates (0, 5, 10, 15, 20
mM) when plants were sprayed with 3% foliar urea twice in late September (Cheng et al.,
2004). Primocanes of Rubus sp. were shown to rely on fertilizer N for growth, whereas
floricane growth largely depended on stored N from primocanes, crowns, and roots and
approximately 30% to 40% stored N was allocated to new growth (Strik and Bryla,
2015). Cheng and Fuchigami (2002) reported new growth of young apple trees was
promoted by N reserves from the previous fall rather than by carbohydrate status of the
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plants since trees with high N reserves and low carbohydrate reserves had greater leaf
area than those with low N reserves and high carbohydrate reserves regardless of N
fertilization in the spring. Cheng et al. (2004) also suggested vegetative growth and
fruiting of young ‘Concord’ grapevines were largely determined by reserve nitrogen,
rather than reserve carbohydrates.
Foliar urea application and plant nitrogen status
Foliar spray of urea after terminal bud set in late fall was applied to a number of
plants to increase N reserves and improve spring growth (Bi et al., 2004, 2008; Xia and
Cheng, 2004). Bi et al. (2008) reported urea sprays in the fall to be as effective as N
fertilizer in the spring for improving growth and flowering of hydrangea. In their study,
proper N fertigation during vegetative growth combined with foliar urea spray before
defoliation was considered a useful strategy in the production of florists’ hydrangeas (Bi
et al., 2008). On the other hand, concentration of nonstructural carbohydrates, including
starch, glucose, fructose, and sucrose, decreased to varying degrees in response to foliar
urea application (Bi et al., 2004; Xia and Cheng, 2004). Both reserve N from last season
and spring-applied N fertilizer were considered important for the regrowth of bareroot
almond nursery trees after transplanting (Bi et al., 2003). Xia and Cheng (2004) reported
increased concentration of both free amino acid-N and protein-N in one-year-old
‘Concord’ grapevines in response to foliar application of urea.
Foliar urea application serves as an effective alternative for improving plant N
status in the fall, significantly increasing vine N concentration compared to no effect
using nitrogen fertigation for 8 weeks during the summer (Xia and Cheng, 2004). Urea
spray in the fall did not influence plant biomass of ‘Merritt’s Supreme’ hydrangea
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macrophylla, but increased N content by 54% (Bi et al., 2008). Besides the benefit of
increasing N reserve in the current season, foliar urea application has been reported to
increase total leaf area, yield, and total vine dry weight of ‘Concord’ grape in the
following growing season using given N fertigation rates (Cheng et al., 2004). Not only
was N content of ‘P.J.M’ and ‘Cannon’s Double’ rhododendron increased as a result of
foliar urea spray without an effect on plant size, spring growth of both cultivars was
improved compared to plants receiving no urea (Bi et al., 2007). Urea spray was also
reported to alter uptake of nutrients other than N and alter nutrient demand and storage in
different plant structures, increasing uptake of net phosphorus (P), copper (Cu), and
manganese (Mn) and decreasing uptake of net potassium (K) and magnesium (Mg)
during the growing season following application (Scagel et al., 2008).
The efficacy of foliar urea spray has been related to a plant’s original N status. Bi
and Scagel (2008) suggested that hydrangea plants with lower N status were more
efficient in absorbing and remobilizing urea-N than plants with higher N status. However,
plants under a higher N fertigation rate and with better N status absorb more urea than
those under lower N fertigation rates on a whole plant basis (Bi and Scagel, 2008).
Hydrangea macrophylla (Thunb.) Ser. ‘Berlin’ under different N fertigation rates were
sprayed by Bi and Scagel (2008) with 15N-labeled urea to track N translocation from
urea. The highest rate of N uptake and translocation occurred within 2 days after foliar
spray application. Five days after the urea spray application, decreasing rate of N15
uptake and export was associated with increasing N fertigation rates (Bi and Scagel,
2008).
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Dynamics of nutrient uptake during a year
As discussed, N uptake of a given cultivar/species is subject to a number of
factors, such as irrigation method, climate, and growth rate of a plant (Bi et al., 2007;
Gastal and Lemaire, 2002; Million et al., 2007; Scagel et al., 2007, 2011). Nutrient
uptake is also variable within a growing season, between growing seasons, between
production sites, and between crops (Chang et al., 2012; Pradubsuk and Davenport, 2010;
Ristvey et al., 2007; Scagel et al., 2007). For example, plant requirements for N varies
during a growing season with different growth rates and N partitioning in Rubus sp.
(Strik and Bryla, 2015). Between two years, seasonal dynamics of nutrient uptake of
‘Concord’ grapevines remained consistent, with nutrients from woody tissues
translocated to actively developing structures at the beginning of the season (Pradubsuk
and Davenport, 2010). With sufficient N supply, an increase in N content in plants is
determined by their growth rate of plants to a larger degree rather than different species
or climatic conditions (Gastal and Lemaire, 2002). However, the correlation between
plant N content and crop biomass accumulation is not linear. With an extra unit of
increased N content in plants, the increase in plant biomass decreases (Gastal and
Lemaire, 2002).
Seasonal N uptake also varies between evergreen and deciduous species. A
deciduous azalea (Rhododendron L. ‘Cannon’s Double’) had a higher growth rate and
greater rate of N uptake and uptake efficiency than an evergreen rhododendron
(Rhododendron L. ‘P.J.M’) in a study by Bi et al. (2007). New leaves of rhododendron
were found to export approximately 40% of their N by September, while the roots and
stems were actively accumulating biomass (Bi et al., 2007). It was suggested that
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increasing N availability in the substrate during the rapid growth periods significantly
increased plant N and improved plant vegetative growth uptake of both rhododendron
and azalea (Bi et al., 2007). N uptake of a deciduous rhododendron (Rhododendron
‘Gibraltar’) was correlated with growth of all plant structures, whereas N uptake of two
evergreen rhododendron cultivars, [(Rhododendron ‘P. J. Mezitt’) and (Rhododendron
‘English Roseum’)] were merely correlated with stem and leaf growth (Scagel et al.,
2007). The highest rate of N uptake (1.9 mg/d) in the deciduous cultivar was before July,
whereas the highest rate of N uptake (5 mg/d) for evergreen cultivars occurred in August
and September (Scagel et al., 2007). Based on those results, a higher N fertilization rate
was recommended in mid to late summer when plants had higher N demands. A lower N
rate should be applied after transplant of liners to avoid N run off (Scagel et al., 2007).
Optimal plant nutrient relies on specific information on nutrient requirements of a
species/cultivar, plant growth stage, climatic conditions, and medium composition
(Cardarelli et al., 2010; Gómez-López et al., 2006; Mengel and Kirkby, 2001). Chang et
al. (2012) reported that N supply and climate fluctuations interact to influence growth and
yield of Anthurium andraeanum Lind., with N supply being the limiting factor during
spring and summer, whereas climatic conditions was the limiting factor during fall and
winter in Taiwan, a subtropical climate zone.
Irrigation methods and plant growth and nutrient uptake
Fertilizer application rates are commonly determined in nursery production based
on the assumption that water availability does not limit nutrient uptake and that container
capacity should be maintained to promote plant growth and nutrient uptake (Beeson,
1992; Scagel et al., 2011); however, container capacity is impractical to maintain in
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production. Nutrient availability declines with low soil water content, which becomes a
limiting factor for nutrients to become soluble and be delivered to the root surface
(Marschner, 2012). Nutrient uptake can be further decreased when dry substrate impaired
root growth, especially in a dry climate (Marschner, 2012). Since soil moisture conditions
can be influenced by altering irrigation frequency (Levin et al., 1980), the influence of
different irrigation frequencies on plant growth and nutrient uptake have been studied
(Fare et al., 1994; Marler and Davies, 1990; Neilsen et al., 1995).
Neilsen et al. (1995) reported higher frequency irrigation improved tree growth of
‘Gala’ apple compared to lower irrigation frequency, with less effect on leaf nutrient
concentration. Canopy volume, trunk cross-sectional area, dry weight, shoot length, leaf
area and total root dry weight were significantly reduced by low frequency irrigation
(Marler and Davies, 1990). Increased irrigation frequency was found to reduce N leachate
compared with continuous irrigation with the same total irrigation quantity (Fare et al.,
1994). Overhead irrigation using sprinklers was reported to result in reduced growth of
Elaeagnus pungens Thunb., Ligustrum japonicum Thunb., Photinia ×fraseri ‘Red Top’,
and Rhododendron sp. ‘Fashion’ (azalea) compared with pulse irrigation through drip
irrigation when plants were maintained near 100% container moisture (Beeson, 1992).
Rather than maintaining container capacity, respectively 20%, 20%, and 40%
management-allowed deficits were recommended for Viburnum odoratissimum Ker
Gawl, Ligustrum japonicum Thunb., and Rhaphiolepis indica Lindl. for commercial
production (Beeson, 2006).
Besides being affected by the fertilization program, nutrient uptake is also
affected by irrigation methods (Scagel et al., 2011, 2012), where the same total amount of
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irrigation water was delivered to the plants through more than one irrigation events to
decrease leaching from containers and compensate for certain nutrient deficiencies
(Scheiber et al., 2008; Silber et al., 2003; Xu et al., 2004). Scagel et al. (2011) reported
that both N deficiency and a high N rate increased water stress of Rhododendron cultivars
as indicated by their stomatal conductance; water stress was greatest in plants using the
highest N rate. Increased irrigation frequency alleviated water stress of Rhododendron
cultivars (Scagel et al., 2011) and increased N use efficiency and uptake of Ca and
decreased uptake of P, K, boron (B), and zinc (Zn) of Rhododendron species without
affecting plant total biomass (Scagel et al., 2011, 2012). Such an effect of irrigation
frequency on nutrient uptake has been attributed to the possible change in availability of
N in the substrate and partially to differing plant biomass under varying treatments.
The effect of irrigation frequency on plant growth and nutrient uptake is species
dependent. Container-grown Rhododendron species using different N fertilization rates
and irrigation frequencies differed in their growth response after being transplanted into
the landscape (Scagel et al., 2014). Less frequent irrigation in containers increased
vegetative growth while decreasing flowering of the deciduous cultivar. On the contrary,
one irrigation a day, rather than two, resulted in decreased vegetative growth and
improved reproductive growth for evergreen cultivars (Scagel et al., 2014). Less frequent
irrigation was also found to increase nutrient reserves of the deciduous cultivar but
decreased nutrient uptake of the evergreen cultivars (Scagel et al., 2014).
Besides that the unpredictable impact of water status on plant growth and nutrient
uptake, it is not clear how much water is available for plant uptake in soilless substrates,
creating a challenge for growers in determining the water requirements of a certain
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species (O’Meara et al., 2014). O’Meara et al. (2013) developed a quantitative water use
model for Hydrangea macrophylla and Gardenia jasminoides to describe how their daily
water use (DWU) was affected by environmental conditions. They suggested 83.2% and
90.8% of day-to-day variation in DWU of Hydrangea macrophylla ‘Fasan’ and ‘Pia’
were subject to the combination of plant age, final leaf area, daily light integral (DLI),
and their interactions, with DLI having the greatest influence on DWU (O’Meara et al.,
2013). It was alssuggested precise measurement of the plant canopy may improve the
accuracy of such predictive models (O’Meara et al., 2013).
Plant species vary in their ability to uptake water and nutrients as the substrate
dries out. O’Meara et al. (2014) compared water uptake between Hydrangea macrophylla
and Gardenia jasminoides affected by decreased substrate volumetric water content
(VWC). Their study showed water use by H. macrophylla ‘Fasan’ started to decrease at a
higher VWC (0.28 m3·m-3) than G. jasminoides ‘Radicans’ (0.20 m3·m-3), with plant
water uptake stopping at a VWC of 0.16 m3·m-3 in H. macrophylla, suggesting that H.
macrophylla was less adept at extracting water from a drying substrate than G.
jasminoides ‘Radicans’ tested in their study (O’Meara et al., 2014). A relatively higher
water content in the substrate should be maintained to maximize plant growth and avoid
water stress of H. macrophylla. Prediction of plant water uptake should be based on the
hydraulic properties of both the plant species and the growing substrate (Lobet et al.,
2014).
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NITROGEN RATE, IRRIGATION FREQUENCY, AND CONTAINER TYPE AFFECT
PLANT GROWTH AND NUTRIENT UPTAKE OF ENCORE AZALEA ‘CHIFFON’
Abstract
Azaleas are considered to require low levels of nitrogen (N) fertilization in
production. Increasing N rates are reported to decrease N uptake efficiency. In addition,
soil moisture availability can affect N uptake efficiency and container type may affect
soil moisture, thereby affecting N uptake efficiency. One-year-old liners of Encore®
azalea ‘Chiffon’ were planted in April 2013 into one-gallon containers: black plastic
containers and recycled-paper biodegradable containers. The plants were fertilized with
250 ml of N-free fertilizer solution twice weekly plus N of 0, 5, 10, 15 or 20 mM from
ammonium nitrate. All plants were irrigated with the same total volume of water using
one or two irrigations daily. Plant growth and N uptake in response to N fertilization,
irrigation, and containers were investigated. The feasibility of biodegradable paper
containers was also evaluated in the one-year production of azaleas. Plants grown in
biocontainers had increased plant growth index (PGI), plant dry weight (leaf, stem, root
and total dry weight), leaf area, and root growth (length and surface area) using N rates
from 10 to 20 mM, where biocontainer-grown plants had more than twice of root length
and surface area as plastic container-grown plants. SPAD readings increased with
increasing N rate. One irrigation per day resulted in greater PGI and greater root dry
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weight, total length, and surface area. Higher tissue N concentration was found in each
tissue type for plants grown in plastic containers compared with plants grown in
biocontainers when plants were fertilized with 15 or 20 mM N. However, plant dry
weight was greater for plants grown in biocontainers, resulting in greater tissue N
content. Plants grown in plastic containers and irrigated once per day and plants fertilized
with 20 mM N and irrigated once per day produced the most flowers, 22 and 32 flowers
per plant, respectively. Azalea plants grown in biocontainers produced superior
vegetative growth compared to plants grown in plastic containers.
Introduction
Azaleas (Rhododendron sp.) are generally known as light feeders (Larson, 1993).
They do not respond well to high N rates, which can increase plant susceptibility to
fungal disease and reduce winter hardiness (Witt, 1994). According to Michałojć and
Koter (2012), the optimal nutrient levels in azalea leaves are: 1.88% – 2.20% N; 1.0% 1.7% K; and 0.60% – 1.20% Ca. Under overhead irrigation, increasing N rate from 1.0 lb
N yard-3 to 1.5 or 2.0 lb N yard-3 resulted in lower shoot dry weight and shoot height of
Rhododendron sp. ‘George Tabor’, and 1.5 lb N yard-3 was the recommended rate for
resin-coated controlled-release fertilizer (Nutricote 17N-3.1P-6.7K, 180 d at 77 °F)
(Million et al., 2007). In another study, increasing N fertilization rate was found to
largely promote shoot growth of Rhododendron L. ‘Karen’, with decreasing N and P
fertilization rates promoting root growth (Ristvey et al., 2007). Optimal plant growth was
maintained using an intermediate fertilization rate (100 mg N and 5 mg P per week)
compared to lower (25 mg N) or higher (250 mg N) fertilization rates. Increasing
fertilization rates (N and P in this study) also increased the amount of nutrient leached to
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the environment and decreased uptake efficiency (Ristvey et al., 2007). Bi et al. (2007)
reported similar results where N uptake efficiency of one-year-old rhododendron
(Rhododendron ‘P.J.M’) and azalea (Rhododendron ‘Cannon’s Double’) declined
linearly with an increasing rate of N fertilization from 5 to 20 mM. The investigation of
the nutrient requirements of a specific species is important for optimizing nutrient
management and reducing environmental contamination. Optimum nutrient applications
for a species are often only valid under a certain set of growing conditions, most of which
contribute to the nutrient availability in the substrate to plant root systems (Bi et al.,
2007; Million et al., 2007; Ristvey et al., 2007). Given sufficient N supply, N uptake was
considered to be subject to a plant’s internal regulation largely depending on growth rate
(Gastal and Lemaire, 2002). Therefore, determination of optimum N rate should be based
on both substrate availability of the nutrient (N supply) and crop growth (N demand).
Fertilizer application rates are commonly determined in nursery production based
on the assumption that water availability does not limit nutrient uptake and that container
capacity should be maintained to promote plant growth and nutrient uptake (Beeson,
1992; Scagel et al., 2011). However, it may be impractical to maintain container capacity
in production. Nutrient availability has been shown to decline with low soil water
content, which becomes a limiting factor for nutrients to become soluble and be delivered
to the root surface (Marschner, 2012). Nutrient uptake can be further decreased when a
dry substrate has impaired root growth, especially in a dry climate (Marschner, 2012).
Since soil moisture conditions can be altered by altering irrigation frequency (Levin et
al., 1980), the influence of irrigation frequency on plant growth and nutrient uptake has
been investigated. Neilsen et al. (1995) reported high irrigation frequency improved tree
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growth of ‘Gala’ apple with less effect on leaf nutrient concentration than low irrigation
frequency. Canopy volume, trunk cross-sectional area, dry weight, shoot length, leaf area,
and total root dry weight of young ‘Hamlin’ orange trees were significantly reduced by
low irrigation frequency (Marler and Davies, 1990). Increased irrigation frequency was
found to reduce N leachate more than continuous irrigation using the same total irrigation
quantity (Fare et al., 1994).
Traditionally, when plants are grown in plastic containers, evaporative loss of
water is mainly through the substrate surface rather than the container side wall since
plastic containers are largely impervious to water. Use of biodegradable containers as a
sustainable alternative to plastic containers can alter the water consumption
characteristics of container-grown plants (Koeser et al., 2013a; Wang et al., 2015).
Biocontainers constructed with materials such as peat, wood fiber, straw, or paper are
highly porous in nature and tend to require more frequent irrigation and a higher total
amount of water than traditional plastic containers (Evans et al., 2010; Koeser et al.,
2013a; Wang et al., 2015). With increasing water loss between irrigation events, some
biocontainers produced smaller plants of ‘Yellow Madness’ petunia (Petunia ×hybrida)
(Koeser et al., 2013a). However, sidewall water loss from biocontainers was reported to
reduce substrate temperature, which helped alleviate heat stress and enhanced plant
survival at locations with hot summer conditions (Nambuthiri et al., 2015).
Growth response of Encore® azaleas under different N fertilization levels and
irrigation frequencies when grown in biocontainers compared to plastic containers has
not been determined. Considering the containers used to grow nursery plants may have
considerable influence on plant water consumption characteristics, container choice may
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alter the irrigation requirements and nutrient uptake of a given species. Therefore, the
objectives of this study were to: 1) investigate the influence of increased irrigation
frequency on growth and N uptake of Encore® azalea ‘Chiffon’; 2) compare growing
growth response of plants grown in a black plastic container with a biocontainer made
from recycled paper; and 3) determine the optimum N fertilization rate based on
irrigation frequency and container type. Results of the study will provide a valuable
reference for the fertilization and irrigation requirements of Encore® azalea ‘Chiffon’
plants, a dwarf, slow growing variety.
Materials and Methods
Plant culture and treatments
The study was conducted at Mississippi State University (lat. 33°26’ N, long.
88°47’ W) in 2013. One-year-old liners of Encore® azalea ‘Chiffon’ were potted in pine
bark substrate (100% adjusted with 1lb/yard lime; ~ 1.5cm particle size) into either black
plastic containers (GL 400; Nursery Supplies® Inc., Chambersburg, PA) or biocontainers
made from a mix of recycled paper (7×7 RD; Western Pulp Products Co., Corvallis, OR).
Each azalea plant was fertilized with 250 ml of N-free fertilizer (Cornell N. N Eq. 0-6-27;
GreenCare Fertilizers, Kankakee, IL) plus 0, 5, 10, 15 or 20 mM N from NH4NO3 twice
weekly from Apr. 23 to Sep. 15, 2013. Plants were irrigated either once per day at 8:00
a.m. or twice per day at 8:00 a.m. and 2:30 p.m. with the same total daily water amount.
Plants were irrigated to replace daily water loss plus 15 % leaching fraction determined
by calculating daily water use (DWU) at three dates during the growing season.

38

Measurements and data collection
Plant height and widths (width 1, the greatest width; width 2, perpendicular to
width 1) were measured on each plant every two weeks. Plant growth index (PGI) was
calculated as the average of plant height, width 1, and width 2. Leaf SPAD readings were
measured on the first three recently fully expanded leaves on the same interval as plant
height and widths using a chlorophyll meter (SPAD 502 Plus; Konica Minolta, Tokyo,
Japan). Using the plants irrigated once per day, DWU was estimated using a gravimetric
method by subtracting pot weight 24 h after irrigation from the weight of the container at
container capacity. DWU was measured on three dates: Aug. 30, Sep. 25, and Oct. 21,
2013. Flower count was recorded from the opening of the first flower on each plant and
accumulative total flower number was recorded through the time of destructive harvest in
November.
Plants were destructively harvested and separated into root, stem and leaf tissue
on Nov. 12, 2013. Leaf area of each plant was recorded upon harvest using a leaf area
meter (LI-3100C; LI-COR Inc., Lincoln, NE). Roots of three freshly harvested plants
from each treatment were washed free of substrate and measured for total root length and
surface area by scanning (EPSON® Expression 10000XL; Epson America, Inc., Long
Beach, CA) an image of the roots and analyzing the image using WinRHIZO software
(Regent Instruments Inc., Québec, Canada).
Nitrogen analyses
All tissue samples were cleaned free of debris and substrate using deionized water
and oven dried at 60 °C to a constant weight. Dry weight of each tissue sample was
recorded. Total plant dry weight was calculated by summing dry weight of each tissue
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type for each plant. Each sample was then ground to pass a 1-mm sieve using a Wiley
mill for nutrient analyses. The Kjeldahl procedure, where organic N is converted into
NH4-N, a form that can be analyzed by a variety of techniques, was used for the
determination of total N using 0.1 gram of dry tissue sample (Bremner, 1965).
Experimental design and data analyses
The treatment design was a complete factorial with N rate (5 rates), irrigation
frequency (2 frequencies), and container type (2 types) as the three experimental factors,
providing 20 treatment combinations. The experimental design was a completely
randomized design. Five single plant replications were used per treatment. Significance
of main effects or the interaction among factors was determined by analysis of variance
(ANOVA) using the GLM procedure of SAS (9.4, SAS Institute, Cary, NC). Where
indicated by ANOVA, means were separated by Fisher’s LSD test at P < 0.05.
Results
The interaction between N rate and container type was significant in affecting
most of the response variables in this study, including PGI, tissue dry weights, leaf area,
root growth, DWU, and tissue N concentration and content (Tables 3.1, 3.2; Fig. 3.1).
Except for flowering production, irrigation frequency did not significantly interact with
the other two factors (N rate and container type), but did affect PGI, root growth, and
flower count (Table 3.3).
Plant growth
There were no significant differences in PGI or SPAD readings among all
treatment combinations two weeks after azalea plants were transplanted (data not shown).
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By the time of the harvest in November, PGI was affected by irrigation frequency and the
interaction between N rate and container type (Tables 3.1, 3.3). Plants irrigated once per
day had a higher PGI than those irrigated twice per day (Table 3.3). Total plant dry
weight exhibited a similar trend as with PGI. Irrigation frequency affected root dry
weight, but not other plant dry weight components or total plant dry weight (Table 3.3).
Generally, plants fertilized with 10 to 20 mM N had higher PGI and dry weight (leaf,
stem, root and total plant) than those with 0 or 5 mM N. Using each N rate from 10 to 20
mM, plants grown in biocontainers had higher PGI and dry weights than those grown in
plastic containers, and there was no significant difference in PGI and total dry weight of
plastic container-grown plants among the three high N treatments. In biocontainers,
however, plants fertilized with 15 and 20 mM N had higher PGI and greater total dry
weights than those fertilized with 10 mM N (Table 3.1). Greater tissue dry weights (leaf,
stem or root) resulted from N rates of 15 or 20 mM N for plants grown in biocontainers.
SPAD readings at the end of the growing season were only affected by N rate and
increased with increasing N rate irrespective of irrigation frequency or container type
(Table 3.1).
For root growth, N rate and container type interacted to influence both total root
length and root surface area (Table 3.1). There was no significant difference in root
growth between plants grown in plastic containers and in biocontainers under either no N
or 5 mM N. By comparison, using any N rate from 10 to 20 mM, greater total root length
and root surface area were found when plants were grown in biocontainers rather than in
plastic containers, with biocontainer-grown plants having more than twice the root
growth of plastic container-grown plants. When grown in biocontainers, plants fertilized
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with higher N rates from 10 to 20 mM had greater total root length and root surface area
than those with no N or 5 mM N. However, root growth of plants grown in plastic
containers was generally weak and not affected as much by N rates as in biocontainers.
Root length and surface area decreased with N rates higher than 10 mM, leading to
comparable root growth with 5, 10 and 15 mM N and lower root growth at 0 or 20 mM
N. One irrigation per day resulted in better root growth in terms of total root length and
root surface area with no significant interaction between irrigation and N rate or container
type (Table 3.3).
Leaf area
Leaf area was also influenced by the interaction of N rate and container type, but
not by irrigation frequency. Generally, higher N rates from 10 to 20 mM resulted in
greater leaf area than did no N and 5 mM N using both container types. There was no
significant difference in plant leaf area between container types using 0 and 5 mM N
(Table 3.1). There was no significant difference in leaf area among plastic containergrown plants when fertilized with either 10, 15 or 20 mM N. In biocontainers, increasing
N rate from 0 to 15 mM resulted in increasing leaf area with no significant difference
between N rates of 15 and 20 mM. At each N rate from 10 to 20 mM, the biocontainers
produced plants with greater leaf area than did plastic containers.
Flowering performance
Total flower count from transplanting to the time of the harvest was affected by
the interactions between irrigation frequency and N rate and between irrigation frequency
and container type separately (Fig. 3.2). Azalea plants grown in plastic containers and
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irrigated once per day produced a greater number of flowers than those grown in
biocontainers or those irrigated twice per day in plastic containers (Fig. 3.2). Generally,
no N treatment produced fewer than 5 flowers per plant throughout the growing season,
with flower count increasing to 13.2 (one irrigation per day) and 11.6 (two irrigations per
day) using 5 mM N (Fig. 3.2). With one irrigation per day, 10 and 20 mM N resulted in
the highest total flower counts of 26.4 and 32.3 flowers per plant respectively, higher
than plants fertilized with the same N rates but irrigated twice per day or those under 0 or
5 mM N with either irrigation frequency (Fig. 3.2). There was no significant difference in
the total flower count between the two irrigation frequencies during the growing season
using 15 mM N, where total flower count was 22.8 with one irrigation and 23.4 with two
irrigations per day.
Daily water use
On two (Aug. 30 and Oct. 21) of the three measurement dates, plant DWU was
influenced by the interaction between N rate and container type (Fig. 3.1A, C). DWU was
only influenced by container type on Sep. 25, when biocontainers increased DWU
compared to plastic containers (Fig. 3.1B). On Aug. 30, the greatest DWUs were caused
by biocontainers using N rates of 10 to 20 mM, greater than with all other treatments,
with no significant difference in DWU among N treatments in plastic container-grown
plants (Fig. 3.1A). On Oct. 21, plants grown in biocontainers using 20 mM N had the
greatest DWU, greater than all those with N rates from 0 to 15 mM in either container
type and comparable to the DWU at 15 mM N and in biocontainers (Fig. 3.1C).
Generally, using low rates of N from 0 to 10 mM, there was no significant difference in
DWU between plants grown in plastic containers and biocontainers. However, when
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plants were fertilized with higher N rates of 15 and 20 mM, use of biocontainers resulted
in higher DWU than plastic containers.
Plant N concentration and content
N concentrations in each tissue type (leaf, stem, and root) and average N
concentration in the plant were influenced by the interaction of N rate and container type,
but not by irrigation frequency (Table 3.2). N content in leaves, stems, and total plant
were affected similarly (Table 3.2). One irrigation per day increased root N content
compared to two irrigations per day (Table 3.3). Generally, N concentrations in leaf, root,
and stem tissues showed an increasing trend as N rate increased from 0 to 20 mM. There
was no significant difference in N concentration in stems tissue using N rates of 0 or 5
mM or in leaves and roots using 0, 5 or 10 mM N. The difference in N concentration was
significant between container type using 15 and 20 Mm N for each tissue type, with
plastic containers resulting in higher tissue N concentrations than did biocontainers
(Table 3.2). Despite the increasing trend with increasing N rate, the highest average plant
N concentration was found using 5 mM N and plastic containers with the second highest
value found using 20 mM N and plastic containers.
N content generally increased in each tissue type and in the whole plant as N rate
increased from 0 to 20 mM when plants were grown in biocontainers. When grown in
plastic containers, plant N content increased from 0 to 15 mM N and peaked at 15 mM N,
with no significant difference between 15 and 20 mM or between 10 and 20 mM N
treatments. Biocontainer-grown plants had greater leaf, stem, root, and total plant N
content than plastic containers under 15 and 20 mM N (Table 3.2).
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Discussion
One irrigation per day resulted in higher PGI and greater root dry weight, total
root length, and root surface area, and greater total flower number in plastic containers
and using N rates of 10 and 20 mM (Table 3.3 and Fig. 3.2). However, irrigation
treatments did not significantly influence dry weight of leaves and stems, SPAD readings,
leaf area, or plant N uptake in terms of tissue N concentration or content. By irrigating
azalea plants with the same total amount of water, but using two irrigation events instead
of one, we assumed there would be reduced leaching of N fertilizer as was shown by Fare
et al. (1994) and increasing N uptake. Increasing irrigation frequency was found by
Scagel et al. (2011) to decrease water stress of Rhododendron cultivars ‘P.J.M. Compact’
(evergreen), ‘English Roseum’(evergreen), and ‘Gibraltar’ (deciduous) where such
influence was attributed to either the altered N availability in the substrate or the roots’
ability to take up N. However, one or two irrigations per day with the same total amount
of water did not significantly affect N uptake of Encore® azalea ‘Chiffon’, an evergreen
and dwarf cultivar. Rather, one irrigation was shown to be more beneficial to root growth
in terms of root dry weight, length, and surface area. Better root growth may have
contributed to a larger plant (higher PGI), or the better root growth may have been
sustained by the increased carbohydrate supply from the larger canopy (Chen and Lieth,
1993). Increased irrigation frequency was reported to increase nutrient availability by
maintaining a higher conductivity in the substrate (Levin et al., 1980); however, azaleas
favor good substrate drainage (Larson, 1993). It is likely the plants benefited from the
container moisture dropping to a lower level between irrigation events as observed with
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one irrigation per day. Such a theory needs to be confirmed by further studies in which
the substrate moisture levels are closely monitored.
When evaluating the feasibility of using biodegradable containers as a sustainable
alternative to traditional petroleum-based plastic containers, the major focus has been on
aspects such as plant quality and water consumption characteristics (Koeser et al., 2013a;
Wang et al., 2015), the longevity/physical properties of the biocontainers (Beeks and
Evans, 2013; Evans and Karcher, 2004; Koeser et al., 2013b; Li et al., 2015), and
production costs (Brumfield et al., 2015). Biocontainers of various types were shown to
produce plants of as high a quality as plants grown in traditional plastic containers (Evans
and Karcher, 2004; Evans and Hensley, 2004; Li et al., 2015). In our study, the paper
biocontainers produced plants with greater dry weights (for each tissue type and total
plant) under sufficient N supply (Table 3.1) and of better quality than plastic containergrown plants. Beeks and Evans (2013) reported greater root dry weights of ‘Rainier
Purple’ cyclamen (Cylamen persicum) in paper and wood fiber containers than in plastic
containers, consistent with our results where biocontainer-grown plants had greater root
dry weights, total root length, and root surface area at higher N rates. It is possible better
root growth contributed to the increasing growth of aboveground parts of the azalea
plants.
Compared to the larger plants produced using the paper biocontainers, use of
plastic containers and one irrigation per day produced higher flower counts (Fig. 3.2).
This indicates a possible competitive relationship between the vegetative growth and
reproductive growth. At this point, a grower’s choice of container could be made
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according to their production purpose, whether it is for better-established plants
vegetatively or more flowers.
In our study, use of the paper biocontainers resulted in greater daily water use
than plastic containers, which was consistent with the results in a study by Wang et al.
(2015) in which containers made from recycled paper used more water than black plastic
containers, possibly due to the porous nature of the container sidewall (Koeser et al.,
2013a). However, the difference in water use between biocontainers and plastic
containers was only found using higher N rates (10, 15 and 20 mM N), with plants also
having higher PGIs and dry weights suggesting the difference in water use was not only a
function of evaporation through the container side wall, but also influenced by plant
growth. Evapotranspiration, on the other hand, is thought to have a major influence on
reducing substrate temperature and help to alleviate heat stress during summer in
southeastern states like Mississippi (Nambuthiri et al., 2015). The evaporative cooling
resulting from the increased water loss from the container sidewall, as well as the lighter
color of the biocontainers absorbing less heat than black plastic, may have also promoted
root growth.
As for the economical aspect of using biocontainers as a sustainable alternative to
plastic containers, the main difference in the cost of production between a plastic- and a
biocontainer-production system was attributed to the price of the pot (Brumfield et al.,
2015). The increased water use associated with biocontainers was considered to be an
insignificant cost in relation to the entire production process (Brumfield et al., 2015).
Though the biocontainers tend to be more expensive than their plastic counterparts, the
better plant growth for certain species (Encore® azalea ‘Chiffon’ in this case) may help
47

promote the adoption of biocontainers. On the other hand, growers have a positive
attitude toward adopting sustainable practices like using biodegradable containers (Hall et
al., 2009) and consumers are thought to be willing to pay a premium for plants grown in
non-plastic containers (Khachatryan et al., 2014); both are promising aspects in
promoting the use of biocontainers. However, with long-term nursery production,
concerns center on the longevity and other physical properties of the biodegradable
containers. In our previous study (Li et al., 2015), the biocontainers made from the same
material was recommended to be used for production cycles no longer than one year as
the decomposition of the container will not withstand the handling pressure during plant
harvest in a pot-in-pot production system (Li et al., 2015). The degradation of the pot was
also thought to be related to irrigation practices and root growth vigor of certain plant
species. In this study, most of the biocontainers remained intact with no obvious sign of
degradation between April and November, 2013. We did find a few broken bottoms on
some biocontainers at the end of the growing season where the plant had a root system
expanding throughout the container under higher N rates, or when the containers sat in
low spots at the experiment site. The paper biocontainer used in this study should not be
used for multiple-year nursery production.
PGI and dry weights of plastic container-grown plants increased using N rates
from 0 to 10 mM and remained stable at 15 to 20 mM N. By comparison, when grown in
biocontainers, both PGI and dry weight increased from 0 to 15 mM N with no significant
difference under 15 and 20 mM N. As reported by Gastal and Lemaire (2002), N uptake
is driven by the growth rate of the plant with sufficient N supply. Discussion of optimal
N fertilization levels should be based both on substrate availability and N demand of a
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crop under certain growing conditions. In our study, biocontainers produced azalea plants
with higher PGI and dry weights. A single irrigation per day resulted in greater root
growth and plant growth, but irrigation frequency did not affect plant N uptake. Higher N
content was found in tissues of biocontainer-grown plants than in plants grown in plastic
containers. Optimum fertilization for Encore® azalea ‘Chiffon’ was 10 or 15 mM N
when grown in plastic containers and biocontainers, respectively.
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Plant growth index (PGI), SPAD, tissue dry weights, leaf area, and root growth of Encore® azalea ‘Chiffon’ plants.

Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume. Responses were influenced by the main
effect of N rate or the interaction between N rate and container type.
y
TDW stands for total plant dry weight, estimated by summing dry weights of the leaf, stem and root of a given plant; RDW stands
for root dry weight; SDW stands for stem dry weight; LDW stands for leaf dry weight.
x
A P-value < 0.05 suggests significant difference caused by either the main effect of a certain factor or the interaction between N
rate and container type indicated by Fisher’s Protected LSD procedure. Different lower-case letters within a column suggest
significant difference.
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®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume. Responses were influenced by the
interaction between the N rate and container type in
y
Average N concentration in a plant was determined by dividing total N content by the total plant dry weight in a given plant.
x
Total plant N content was estimated by summing the N content in leaf, stem and root of a given plant.
w
A P-value < 0.05 suggests significant difference caused by either main effect of a certain factor or the interaction between N rate
and container type indicated by Fisher’s Protected LSD procedure. Different lower-case letters within a column suggest significant
difference.

20

15

10

5

Container

Tissue N concentration and N content of Encore® azalea ‘Chiffon’ plants.
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Table 3.2

Table 3.3

Effects of irrigation frequency on plant growth index (PGI), root dry
weight (RDW), root length and root surface area of Encore® azalea
‘Chiffon’.

Root
Root Surface
Area
Length
(g)
(cm)
(cm2)
Once
17.96 a
4.86 a
6260 a
451.4 a
Twice
17.10 b
4.35 b
5319 b
401.9 b
z
Encore® azalea ‘Chiffon’ plants were irrigated once or twice per day with the same total
daily water volume.
y
Different lower-case letters within a column suggests significant difference indicated by
Fisher’s Protected LSD procedure with a P-value < 0.05.
Irrigation
per Dayz

PGIy

RDW
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Figure 3.1

Daily water use from Aug. 30 (A), Sep. 25 (B), and Oct. 21 (C), 2013.

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3 and grown in plastic containers or paper biocontainers. Different lower-case
letters on top of each bar suggests significant difference compared by Fisher’s Protected
LSD procedure at P < 0.05.

53

Figure 3.2

Flower count produced per plant influenced by the interaction between N
rate and irrigation frequency (A) as well as the interaction between
container type and irrigation frequency (B).

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and irrigated once or twice
per day with the same total daily water volume. Different lower-case letters on top of
each bar suggests significant difference among treatment combinations indicated by
Fisher’s Protected LSD procedure with a P-value < 0.05.
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EFFECTS OF NITROGEN RATE, IRRIGATION FREQUENCY, AND CONTAINER
TYPE ON THE UPTAKE OF MINERAL NUTRIENTS BY ENCORE AZALEA
‘CHIFFON’
Abstract
Encore® azalea ‘Chiffon’ plants were investigated for nutrient uptake in response
to five nitrogen (N) rates (0, 5, 10, 15, and 20 mM N from NH4NO3), two irrigation
frequencies (one or two irrigations per day with the same total amount of water), and two
different containers (a traditional black plastic container and a biocontainer made from
recycled paper). Plant nutrient concentrations were generally comparable for plants
grown in both container types, except plastic container-grown plants had higher plant
concentrations of N (using N rates of 10, 15, and 20 mM) and P (using N rates of 15 and
20 mM). In addition, biocontainer-grown plants had higher concentrations of Mn and B
(using 15 and 20 mM N) and Zn (using 5 mM N). When nutrient content was estimated
by multiplying tissue dry weight and tissue nutrient concentration, plants grown in
biocontainers using N rates of 15 and 20 mM had higher nutrient content of N, P, K, Ca,
Mg, Fe, Mn, Zn, Cu, and B than plants grown in plastic containers fertilized with the
same N rates or plants grown in both container types and fertilized with 0, 5, or 10 mM
N. Increasing N rates also increased uptake of other mineral nutrients in biocontainergrown plants. However, ratios between N and other macronutrients increased with
58

increasing N rates, suggesting uptake of P, K, Ca, and Mg may become a limiting factor
for plant growth. Macronutrients (N, P, K, Ca, and Mg) plus B accumulated more in leaf
tissue than in stem or root tissues, whereas Fe, Mn, Zn, and Cu accumulated more in root
tissue than leaf or stem tissues. Irrigation frequency had a significant effect on root
nutrient content and concentration, but not on nutrient uptake by the whole plant, with
one irrigation per day resulting in higher root content of N, Fe, Zn, Cu, and B, higher root
concentrations of Cu and Zn, higher leaf concentration of B, and lower leaf concentration
of K compared with two irrigations per day.
Introduction
Nutrient management is one of the most important factors in commercial nursery
production of ornamental plants with nitrogen considered as a primary limiting factor for
plant growth. Plant N status is mainly improved by application of N fertilizer. Increasing
N rate increases plant N content, biomass, and improves flower quality of some species
on one hand, but increases nutrient leaching and decreases uptake efficiency on the other
hand (Bi and Scagel, 2008; Bi et al., 2007; Chang et al., 2012). Higher N fertilization was
found to promote shoot growth of container-grown azaleas (Rhododendron L. ‘Karen’)
and increase nutrient leaching, whereas decreased N and phosphorus (P) promoted root
growth and improved uptake efficiency (Ristvey et al., 2007). Intermediate N rates of 105
and 158 mg·L-1 N resulted in greater dry weight, leaf area, and flower number of
Anthurium andraeanum Lind. than did low N (79 mg·L-1) and high N (210 mg·L-1) rates.
An optimum N rate should be determined based on both plant requirements
(species/cultivars and growth stage) as well as growing conditions such as substrate
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composition, temperature, and moisture (Cardarelli et al., 2010; Gastal and Lemaire,
2002; Gómez-López et al., 2006).
Plant demands for nutrients change in response to N supply and other growing
conditions. Such altered demands should be taken into consideration in nutrient
management program. Foliar urea spray in the fall altered plant demand and storage of
certain nutrients in different plant tissues during the winter, when uptake of P, copper
(Cu), and manganese (Mn) increased and potassium (K) and magnesium (Mg) uptake
decreased in Rhododendron ‘Cannon’s Double’ and ‘P.J.M.’ (Scagel et al., 2008a). Plants
have fluctuating demand for different mineral nutrients at varying growth stages within a
growing season (Pradubsuk and Davenport, 2010; Strik, 2015). Shade levels influence
nutrient uptake in bell pepper (Capsicum annum L.) with leaf concentrations of N, K,
calcium (Ca), Mg, Mn, sulfur (S), aluminum (Al), and boron (B) increasing with
increased shade level (Díaz-Pérez, 2013).
Along with nutrient concentrations, ratios of nutrient concentrations have been
used to determine the relative sufficiency of nutrients (Barker and Pilbeam, 2007). Ratios
between N and other nutrients, such as Ca, Mg, Mn, and zinc (Zn), differ among plant
species under different growing conditions. Ratios of N to other nutrients were different
between an evergreen and a deciduous Rhododendron cultivar (Scagel et al., 2008b).
Scagel et al. (2008b) reported a 7-fold increase in N uptake by Rhododendron ‘P.J.M’
when plants were fertilized with 10 mM N from NH4NO3 compared to those that did not
receive N through fertigation. There was also a 3- to 4- fold increase in the uptake rate of
P, K, and S and ~2-fold increase in the uptake rate of Mg and Ca in response to 10 mM
N. Excessive N (210 mg·L-1) decreased K and Mg uptake and resulted in poor growth of
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Anthurium andraeanum (Chang et al., 2012). When plants were N deficient, receiving no
N from fertigation, there were also deficiencies of P, K, S, and Mn for Rhododendron
‘P.J.M’ and P, K, S, Ca, and Mg for deciduous azalea (Rhododendron ‘Cannon’s
Double’) suggesting N deficiency decreased the plant’s ability to uptake other nutrients
(Scagel et al., 2008b). With sufficient N supply, plant growth may be limited by other
mineral nutrients, which makes a balanced fertilization program necessary to optimize
plant growth (Scagel et al., 2012).
Nutrient availability declines with low soil water content, with soil water content
becoming a limiting factor for nutrients to become soluble and be delivered to the root
surface (Marschner, 2012). Increased irrigation frequency with the same total amount of
water has been used to reduce nutrient leaching and compensate for possible nutrient
deficiencies, especially N deficiency (Fare et al., 1994). Changing irrigation frequencies
was found to have varying effects on plant growth and nutrient uptake. Neilsen et al.
(1995) reported higher irrigation frequency improved tree growth of ‘Gala’ apple,
compared to lower irrigation frequency, with less effect on leaf nutrient concentrations.
Scagel et al. (2012) reported net uptake of P, B, and Mn decreased in response to more
frequent irrigation of container-grown evergreen rhododendrons ‘P.J.M. Compact’ and
‘English Roseum’ and deciduous rhododendron ‘Gibraltar’. More frequent irrigation also
decreased uptake of K, S, iron (Fe), and Cu in one or more of the three rhododendron
cultivars. However, more frequent irrigation increased Ca uptake of the two evergreen
cultivars (Scagel et al., 2012). Such influence of irrigation frequency on the uptake of
most nutrients was partially attributed to the differences in plant biomass and N uptake
based on covariate analyses.
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Biocontainers made from various biodegradable materials have been investigated
as sustainable alternatives to conventional plastic containers under varying production
systems (Beeks and Evans, 2013a, 2013b; Evans and Hensley, 2004; Evans and Karcher,
2004; Kuehny et al., 2011; Li et al., 2015; Nambuthiri et al., 2015; White, 2009).
Biocontainers have varying physical properties, water consumption characteristics, and
different influences on plant growth. A variety of biocontainers made from peat, manure,
coir, straw, or wood fiber have been found to produce plants of quality as high as
traditional plastic containers (Koeser et al., 2013; Kuehny et al., 2011). Additional N
source from the decomposition of feather containers was considered a factor resulting in
greater dry shoot weights of plants grown in feather containers than those grown in peat
containers (Evans and Hensley, 2004). There is little information on biocontainer effects
on plant uptake of mineral nutrients. Therefore, the objectives of this study were to: 1)
investigate the influence of N rate, irrigation frequency, and container type on the uptake
of macro- and micronutrient by Encore® azalea ‘Chiffon’and; 2) to investigate the
relationship between N uptake and uptake of other nutrients in response to these
treatments.
Materials and Methods
Plant culture and treatments
The study was conducted at Mississippi State University (lat. 33°26’ N, long.
88°47’ W) in 2013. One-year-old liners of Encore® azalea ‘Chiffon’ were potted in pine
bark substrate (100% adjusted with 1lb/yard lime; ~ 1.5cm particle size) into either black
plastic containers (GL 400; Nursery Supplies® Inc., Chambersburg, PA) or biocontainers
made from a mix of recycled paper (7×7 RD; Western Pulp Products Co., Corvallis, OR).
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Each azalea plant was fertilized with 250 ml of N-free fertilizer (Cornell N. N Eq. 0-6-27;
GreenCare Fertilizers, Kankakee, IL) plus 0, 5, 10, 15 or 20 mM N from NH4NO3 twice
weekly from Apr. 23 to Sep. 15, 2013. Plants were irrigated either once per day at 8:00
a.m. or twice per day at 8:00 a.m. and 2:30 p.m. with the same total daily water amount.
Plants were irrigated to replace daily water loss plus 15 % leaching fraction determined
by calculating daily water use (DWU) at three dates during the growing season. Using the
plants irrigated once per day, DWU was estimated using a gravimetric method by
subtracting pot weight 24 h after irrigation from the weight of the container at container
capacity.
Nutrient analyses
Each plant was destructively harvested and separated into root, stem and leaf
tissue on Nov. 12, 2013. All tissue samples were washed free of debris and substrate
using deionized water and oven dried at 60 °C to a constant weight. Dry weight of each
tissue sample was recorded. Each tissue sample was then ground to pass a 1-mm sieve
(20 mesh) by a Wiley mill for nutrient analyses. The Kjeldahl procedure, where organic
N is converted into NH4-N, a form that can be analyzed by a variety of techniques, was
used for the determination of total N with 0.1 gram of dry tissue sample (Bremner, 1965).
0.1 gram of oven-dried tissue sample was digested by 1:1 hydrochloric acid to water (v:v)
and measured for the concentrations of P, K, Ca, Mg, Fe, Mn, Zn, Cu, and B using an
ICP (inductively coupled plasma) Spectrophotometer. Samples were tested at the
Mississippi State University Extension Service Soil Testing Laboratory.
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Calculations
Total plant dry weight was calculated by summing dry weights of the leaf, stem,
and root tissues of each plant. Nutrient content in each tissue sample was calculated by
multiplying tissue dry weight by the tissue concentration of a certain nutrient. Total plant
content of a nutrient in the plant was estimated by summing the nutrient content from
leaf, stem, and root tissues. Average plant nutrient concentration was calculated by
dividing the total nutrient content by the total plant dry weight. The ratios of N to other
macronutrients was calculated by dividing the tissue N content by the content of P, K, Ca,
or Mg in each tissue type or in the entire plant.
Experimental design and data analyses
The treatment design was a complete factorial with N rate (5 rates), container type
(2 types), and irrigation frequency (2 frequencies) as the three experimental factors,
providing 20 treatment combinations with five replications. The experimental design was
a completely randomized design. Significance of main effects or interactions was
determined by analysis of variance (ANOVA) using the GLM procedure of SAS (version
9.4; SAS Institute, Cary, NC). Where indicated by ANOVA, multiple comparison of least
square means were made with the stimulation method at P < 0.05. When analyzing
allocations of nutrients among tissue types, the tissue type (leaf, root, or stem) was used
as a factor.
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Results and Discussion
Plant nutrient concentration
Plant concentrations of N, P, K, Mn, Zn, Cu, and B were affected by the
interaction between N rate and container type with no significant effect from irrigation
frequency (Table 4.1). Plant Ca and Mg concentrations were only affected by N rate with
0 mM N resulting in the lowest concentrations of Ca and Mg and no significant
difference among N rates of 5, 10, 15, and 20 mM. Plant Fe concentration was not
affected by N rate, container type, or irrigation frequency. The highest plant N
concentration resulted from plastic container-grown plants using 20 mM N, whereas the
highest plant Cu concentration resulted from biocontainer-grown plants using 0 mM N.
Plant concentrations of P, K, Mn, Zn, and B were less affected by N rate with similar
concentrations being found using four to six treatment combinations that included N rates
ranging from 0 to 20 mM. Plastic containers resulted in higher concentrations of P using
10, 15, and 20 mM N and higher K concentration using 5 mM N than biocontainers. For
micronutrients, biocontainers increased Mn concentration using N rates of 5, 10, 15, and
20 mM, increased Zn concentration using 5 mM N, increased Cu concentration using 0
mM N, and increased B concentration using 15 and 20 mM N compared to plastic
containers.
Leaf nutrient concentration
Leaf concentrations of N, Ca, Mg, and Mn were significantly affected by the
interaction between N rate and container type (Table 4.2). Leaf N concentration generally
increased with increasing N rate in each container type. Biocontainers resulted in higher
leaf concentrations of Ca and Mg using 0 mM N and higher Mn using 0 and 15 mM N.
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Leaf concentrations of P, K, Fe, and B were affected by N rate. Lower N rates of 0 and 5
mM resulted in the highest concentrations of K and P in leaf tissue, respectively. N rates
of 5, 15, and 20 mM resulted in higher leaf Fe concentration than did 0 and 10 mM N,
with lower N rates from 0 to 10 mM resulting in higher leaf B concentration than 15 and
20 mM N. Plastic containers increased K concentration and decreased concentrations of
Zn and B in leaf tissue compared to biocontainers (Table 4.3). In addition, two irrigations
per day increased leaf K concentration and decreased leaf B concentration compared to
one irrigation per day (Table 4.4).
Stem nutrient concentration
Stem concentrations of P, Mn, and Zn were significantly affected by the
interaction between N rate and container type (Table 4.5). The highest stem P
concentrations resulted from plastic container-grown plants fertilized with 10 and 20 mM
N. The highest stem Mn concentration resulted from biocontainer-grown plants using N
rates of 10, 15, and 20 mM. Stem Zn concentration was similar using N rates of 5 to 20
mM in biocontainers and using 10 to 20 mM in plastic containers. Stem concentrations of
N, Mg, Fe, Cu, and B were significantly affected by N rate, with plastic containers
increasing stem N and B concentrations compared to biocontainers (Tables 4.3 and 4.5).
Stem N concentration increased with increasing N rate, whereas Cu concentration
generally decreased with increasing N rate. Concentrations of Mg, Fe, and B in stem
tissue were less affected by N rate. Stem K and Ca concentrations were not affected by N
rate, container type, or irrigation frequency.
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Root nutrient concentration
Root concentrations of N, P, K, Ca, Mg, Fe, Mn, Zn, and Cu were significantly
affected by the interaction between N rate and container type (Table 4.6), with root B
concentration being affected by the three-way interaction of N rate, container type, and
irrigation frequency (Table 4.7). One irrigation per day resulted in higher root
concentrations of Cu and Zn and lower Mn concentration than two irrigations per day
(Table 4.4). The highest B concentration was in biocontainer-grown plants using 5 mM N
and irrigated once or twice per day, as well as using 20 mM N and irrigated once per day.
The highest root N concentration resulted from using 15 mM N for plants grown in
plastic containers and from using 20 mM N in plants grown in both container types.
Plants fertilized with N rates from 10 to 20 mM generally had higher root P
concentrations. The highest root K concentration resulted from using N rates of 0 and 5
mM in both container types. With the interaction between N rate and container type,
concentrations of Ca and all micronutrients were similar under multiple N rates in either
container type.
Among tissue types, the leaf tissue (0.75-1.44%) had higher N concentration than
stem or root tissues (Tables 4.2, 4.5, and 4.6). Plant N concentration was mostly < 1%,
with the highest plant N concentration (1.01%) resulting from plastic containers using 20
mM N (Table 4.1). According to Mills and Jones (1996), N concentration in azalea
species, sampled from mature leaves or terminal cuttings generally ranged from 1.4 to
2.3%. N rates of 10, 15, and 20 mM produced leaf N concentrations higher than 1.0%
using both container types and should be sufficient for Encore® azalea ‘Chiffon’.
Macronutrients K, Ca, and Mg and micronutrients Fe, Mn, Cu, and B fluctuated within
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the normal range according to Mills and Jones (1991). Leaf Zn was lower than suggested
by Mills and Jones (1996), which may be due to differences among azalea species
(Scagel et al., 2008a).
Total nutrient content
Total content of both macronutrients (N, P, K, Ca, and Mg) and micronutrients
(Fe, Mn, Zn, Cu, and B) in the plant were all significantly affected by the interaction
between N rate and container type, with no significant effect from irrigation frequency
(Table 4.8). Nutrient content in each tissue was also affected by the interaction between
N rate and container type, except leaf Cu content was affected by the interaction of N
rate, container type, and irrigation frequency (Table 4.7). N rate and container type
individually affected stem P content without interaction (Table 4.9). In addition to the
interaction between N rate and container type, root content of N, Fe, Zn, Cu, and B were
also significantly affected by irrigation frequency with one irrigation per day resulting in
higher nutrient content of all nutrients than when using two irrigations per day (Table
4.4).
Plants grown in biocontainers and fertilized with 15 and 20 mM N had the highest
total content of N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, and B among all treatment
combinations, each content higher than for plants fertilized with the same N rate but
grown in plastic containers. Biocontainer-grown plants also had higher content of Mn,
Zn, and B than the plastic container-grown plants fertilized with 10 mM N. There was no
difference between container types for other tested nutrients using 10 mM N or for all
tested nutrients using 0 and 5 mM N. Plants grown in biocontainers and fertilized with

68

10, 15, and 20 mM N had higher nutrient content than those fertilized with 0 and 5 mM N
and grown in either container type.
Leaf nutrient content
Leaf nutrient content shared the same trend as total nutrient content, except for Cu
(Table 4.10). Biocontainer-grown plants using 15 mM N and irrigated twice per day and
using 20 mM N irrigated once or twice per day had the highest leaf Cu content of all
treatment combinations except in the case of plants fertilized with 15 mM N, grown in
plastic containers, and irrigated once per day (Table 4.7).
Stem nutrient content
The highest content of K, Ca, Mg, Fe, Mn, Zn, Cu, and B in stem tissue was in
biocontainer plants fertilized with 15 and 20 mM N and the highest N content was in
biocontainer plants fertilized with 20 mM N (Table 4.9). Biocontainers resulted in higher
content of N, K, Ca, Zn, and B than plastic containers using 20 mM N, higher content of
Mg and Cu using both 15 and 20 mM N, and higher Mn content using 10, 15, and 20 mM
N, with no significant difference in nutrient content between container types at other N
rates. Stem P content was affect by the main effects of N rate and container type without
interaction, with plastic container-grown plants having higher P content than
biocontainer-grown plants (Table 4.3). N rates of 10, 15, and 20 mM resulted in
comparable stem P content, higher than when using 0 and 5 mM N.
Root nutrient content
Specific nutrient contents in root tissue were all significantly affected by the
interaction between N rate and container type with the highest root contents of N, P, K,
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Mg, Mn, and Zn resulting from biocontainer-grown plants fertilized with 15 and 20 mM
N (Table 4.11). The highest root content of Ca, Mn, and Cu resulted from biocontainer
plants fertilized with N rates of 10, 15, and 20 mM, with 10 mM N and plastic containers
producing comparable root content of Ca. The highest root B content resulted from 20
mM N and biocontainers. Biocontainers increased nutrient contents compared to plastic
containers for N, P, K, Ca, Mg, Fe, Cu using N rates of 15 and 20 mM, for Mn and Zn
under N rates of 10, 15, and 20 mM, and for B using N rates of 5 to 20 mM. In addition
to the N rate and container type interaction, irrigation frequency also significantly
affected root content of N, Fe, Zn, Cu, and B, with one irrigation per day resulting in
higher root content of all these nutrients than when using two irrigations per day (Table
4.4).
The effect of N rate on tissue nutrient content was different between biocontainers
and plastic containers (Tables 4.8, 4.9, 4.10 and 4.11). N rates of 10, 15, and 20 mM
resulted in comparable macronutrient and micronutrient content in plastic containers
(Table 4.8). However, 15 and 20 mM resulted in higher contents of N, K, Ca, Mg, Fe,
Mn, and B than N rates of 0 to 10 Mm and higher content of Zn and Cu than N rates of 0
and 5 mM in biocontainers. Therefore, the combination of both high N rates and
biocontainers increased plant ability to take up nutrients, which is interesting considering
all plants were fertilized with the same levels of nutrients except for N. This is consistent
with results by Scagel et al. (2008b) where increased N supply not only increased uptake
of N, but also increased uptake of other macronutrients and micronutrients to varying
degrees.
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Using N rates of 0 and 5 mM, biocontainers resulted in similar nutrient content as
plastic containers, suggesting the lower N rates, rather than container type, might be the
limiting factor for plant growth and nutrient uptake. The superior effect of biocontainers
on nutrient uptake occurred when N supply was sufficient. It was reported by Nambuthiri
et al. (2015) and Wang et al. (2015) that the porous sidewall of paper biocontainers
required increased water use and introduced a cooling effect in the substrate due to
increased evaporation, and the lighter color of the biocontainers may have absorbed less
heat than the black plastic containers. Therefore, both the increased evaporation loss and
lighter sidewall color may have alleviated possible heat stress for the plants during
summer.
With higher N rates of 15 and 20 mM, biocontainers increased nutrient uptake (in
terms of nutrient content) of both macronutrients and micronutrients compared to plastic
containers. However, there were lower plant concentrations of N, P, Mn and B in
biocontainer-grown plants than in plastic container-grown plants using the same N rates.
Since nutrient content in the plant was estimated by multiplying tissue nutrient
concentration by tissue dry weight, a higher nutrient content should have resulted from
the higher biomass of biocontainer-grown plants using these N rates. Scagel et al. (2012)
also reported increased plant biomass and uptake of mineral nutrients in response to
increased N application rate. The lower plant concentration of these nutrient elements
could be a result of the diluting effect of the higher biomass of biocontainer-grown
plants.
The dilution effect on N concentration occurred in stems and leaves using 15 mM
N (Tables 4.2 and 4.5) and in roots using 15 and 20 mM N (Table 4.6), with lower N
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concentrations in biocontainer-grown plants than plastic container-grown plants. Dilution
of P occurred in stems using N rates of 10 to 20 mM and in roots using 10 mM N (Tables
5 and 6). Dilution of K in biocontainer-grown plants occurred in stems (Table 4.5). There
was also a lower Mn concentration in biocontainer-grown plants than plastic containergrown plants in leaves using 15 mM N and in stems using N rates of 10 to 20 mM
(Tables 4.2 and 4.5).
Compared to two irrigations, one irrigation per day increased root content of N,
Fe, Zn, Cu, and B, root concentration of Cu and Zn, and leaf concentration of B (Table
4.4). Except for leaf K and B concentration and leaf Cu content, irrigation frequency
mainly had a direct effect on the nutrient uptake in roots rather than in stems or leaves.
Such an effect on roots was not significant enough to influence nutrient concentration or
content of the entire plant, since irrigation frequency did not have an influence on
average plant nutrient concentration or total plant nutrient content. Splitting the same
total amount of water into two irrigations during a day was intended to reduce nutrient
leaching and alleviate possible nutrient deficiencies (Fare et al., 1994; Scagel et al. 2011).
However, the beneficial effect on nutrient uptake in ‘Chiffon’ azalea resulted from one
irrigation per day instead of two irrigations. With one irrigation per day, the interval
between irrigations was 24 hours, longer than the 12-hour interval between two
irrigations per day, which could have resulted in lower substrate moisture during the day
and better aeration around the root system benefiting root nutrient uptake.
Nutrient allocation among tissues
Leaf tissue accumulated the highest content of all the macronutrients tested (N, P,
K, Ca, and Mg) and roots accumulated the least macronutrient content (Table 4.12). In
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addition to the macronutrients, higher B content was also found in leaves than in stems or
roots. For micronutrients other than B, the highest contents of Fe, Mn, Zn, and Cu were
found in roots rather than leaves or stems, with the lowest contents of Mn and Cu being
in leaves (Table 4.12). Root accumulation of Fe, Mn, Zn, and Cu may have resulted from
their lower mobility in the plant (Barker and Pilbeam, 2007; Strik, 2015).
Ratios between N and other macro-nutrients
N:P ratios in the entire plant, leaf, and stem were affected by the interaction of N
rate and container type (Tables 4.13 and 4.14). In the whole plant, N:P ratio was higher in
plants fertilized with 15 and 20 mM N than in those fertilized with 0, 5, and 10 mM N.
Biocontainer-grown plants fertilized with 20 mM N had the highest plant N:P ratio
(Table 4.13). N:P ratio in leaves shared a similar trend, with plants fertilized with 20 mM
N grown in both container types, and plants fertilized with 15 mM N grown in plastic
containers producing higher N:P ratios than other N rates in either container type (Table
4.13). Biocontainer-grown plants fertilized with 15 and 20 mM N had higher N:P ratios
in stems than all other treatment combinations (Table 4.11). N:P ratio in roots was only
affected by N rate, with 0 mM N resulting in a higher N:P ratio than other N rates,
resulting in similar root N:P ratios.
N:K ratios in the entire plant and each tissue type was affected by the interaction
between N rate and container type (Tables 4.13 and 4.14). The highest N:K ratios were
found in plants using 15 and 20 mM N in both container types (Table 4.13). The same
trend applied to the N:K ratios in leaf and stem tissues (Tables 4.13 and 4.14). In roots,
the highest N:K ratios were found in biocontainer-grown plants fertilized with 15 and 20
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mM N, both of which were higher than the plastic container-grown plants under each N
rate (Table 4.14).
N:Ca ratios in the entire plant, leaf, and root were affected by the interaction
between N rate and container type and N:Ca ratio in stems was affected by the main
effect of N rate and container type without interaction (Tables 4.13 and 4.14). In the plant
and root, higher N:Ca ratios resulted from 15 mM N and plastic containers and from 20
mM N with both container types than those under other treatment combinations. Plastic
containers resulted in higher N:Ca ratios in stem than biocontainers (Table 4.3). N:Ca
ratio in stems generally increased with increasing N rate with no difference between
those using 5 or 10 mM N.
N:Mg ratios in the plants were affected by the main effects of both N rate and
container type without significant interaction (Table 4.13). N:Mg ratios in leaf, stem, and
root tissues were affected by the interaction between N rate and container type (Tables
4.13 and 4.14). Plastic containers resulted in a higher plant N:Mg ratio than biocontainers
(Table 4.3). Plant N:Mg ratio generally increased with increasing N rate with no
difference between those using 0 and 5 mM N. The highest N:Mg ratio in root and stem
tissues resulted from 20 mM N and plastic containers (Table 4.14). Biocontainer-grown
plants fertilized with 20 mM N and plastic-grown container plants fertilized with 15 mM
N had higher leaf N:Mg ratios than all other treatment combinations, except for those
using 20 mM N and grown in plastic containers.
In general, the ratios of N to other macronutrients increased with increasing N
rates in the plant and in each tissue type, except that stem N:P ratios in plastic containergrown plants were comparable among all N rates (Table 4.12 and 4.13). Increasing ratios
74

of N to other macronutrients suggest the uptake of P, K, Ca, and Mg did not keep up with
the increasing N uptake in response to increasing N supply.
The ratios of N to other macronutrients were generally comparable between
biocontainers and plastic containers under each N rate, except biocontainers resulted in
higher N:P ratios in plants fertilized with 20 mM N and in stem tissue using 15 and 20
mM N. Plastic containers resulted in higher ratios of N:P using 15 mM N in leaves,
higher N:Ca ratios in stems and in the plant using 0 and 15 mM N, and in leaves using 15
mM N. Plastic containers also increased N:Mg ratios in the plant, in leaves using 15 mM
N, and in stems and roots using 20 mM N, and increased N:K ratios in roots using 15 and
20 mM N. Considering with N rates of 15 and 20 mM, plastic container-grown plants
already had lower N content compared to biocontainer-grown plants, higher ratios of N:P,
N:K, N:Ca, N:Mg in plastic containers suggest even lower content of P, K, Ca, and Mg
compared to N. Therefore, the plastic container-grown plants had decreased nutrient
uptake of P, K, Ca, and Mg compared to biocontainers on the basis of the lower N
content under high N rates. On the other hand, with higher N content in biocontainergrown plants using higher N rates than in plastic containers, the lower ratios of N to other
macronutrients in biocontainers suggests biocontainers promoted uptake of other
macronutrients, even if increased N supply did not result in proportional increases in the
uptake of P, K, Ca, and Mg.
Conclusion
The use of biocontainers increased nutrient uptake of macronutrients (N, P, K, Ca,
and Mg) and micronutrients (Fe, Mn, Zn, Cu, and B) in Encore® azalea ‘Chiffon’ plants
compared to traditional plastic containers using N rates of 15 and 20 mM. Considering
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average plant concentrations of most nutrient elements were comparable between
container types or there were lower concentrations of N and P in biocontainer-grown
plants using 15 and 20 mM N, the higher nutrient content of biocontainer-grown plants
resulted from their greater dry weights. Increasing N supply also increased plant ability to
take up other mineral nutrients. The ratios between N and other macronutrients increased
with increasing N rates, suggesting the uptake of other macronutrients was not
proportional to increasing N supply. Such results also suggested that increasing N in
fertilizer might not be enough to improve plant growth since other nutrient elements may
become the limiting factor. Therefore, a balanced fertilizer formula may be desired for
optimum growth during the season.
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Plant Macro Nutrient Concentration (%)
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Plant Micro Nutrient Concentration (ppm)

Plant concentrations of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.
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3.9 d
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0.77 c 0.10 de 0.60 bc
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15
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3.6 d
21 bc
0.92 b 0.10 de 0.64 abc
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14 abc
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15 ab
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z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

(mM)z

N rate
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Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic

Container
Ny
P

K

Ca

Mg

Leaf Macro Nutrient Concentration (%)
Fe

Mn

Zn

Cu

B

Leaf Micro Nutrient Concentration (ppm)

Leaf concentrations of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

0

0.83 e
1.02 a
0.444 a
59 a
5.1 a
0.25 b 1.50 a
38 b
13 a
63 a
0.75 e
0.84 bc
0.36 c
44 bc
4.3 b
0.89 de
0.88 ab
0.443 a
38 bcd
2.4 c
5
0.28 a 1.17 b
48 a
12 a
61 a
0.89 de
0.79 bc 0.395 abc
30 d
2.2 cd
1.00 cd
0.81 bc 0.41 abc
47 b
1.1 e
10
0.17 c 1.05 b
38 b
10 a
58 a
1.05 c
0.73 bc
0.38 bc
36 bcd
1.9 cd
1.09 c
0.82 bc 0.402 abc
59 a
1.8 cde
15
0.16 c 1.05 b
43 ab
9a
50 b
1.29 b
0.71 c
0.37 c
36 cd
2.0 cd
1.33 ab
0.76 bc 0.401 abc
44 bc
2.3 cd
20
0.16 c 1.11 b
46 a
10 a
46 b
1.44 a
0.84 bc 0.436 ab
37 bcd
1.6 de
<
<
<
<
<
P0.0001 < 0.0001
0.14
< 0.0001
N
0.0729
0.0001 0.0001 0.0001 0.0001
0.0001
valuex
C
0.0091 0.7435 0.0108 0.0006
0.0006
0.0671 < 0.0001 0.0175 0.2266 < 0.0001
N*C
0.002
0.1766 0.091 0.0069
0.0017
0.1143 0.0089 0.1264 0.0001
0.0529
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

(mM)z

N rate
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K
Zn
B
N
B
P
N:Mg
Concentrationy Concentration Concentration Concentration Concentration Content
Leaf
Leaf
Leaf
Stem
Stem
Stem
Plant
(%)
(ppm)
(ppm)
(%)
(ppm)
(mg)
1.14 b
12 a
61 a
0.62 b
10 b
3.69 b
2.89 b
1.22 a
9b
50 b
0.72 a
11 a
4.60 a
3.26 a
0.0108
0.0175
< 0.0001
<.0001
0.0104
0.0037 < 0.0001

Stem
1.61 b
1.76 a
0.0354

N:Ca

Container effect on nutrient concentration, content, and N-to-other nutrient ratios in different tissue types of Encore®
azalea ‘Chiffon’.

The azalea plants were planted into two container types: one is a biocontainer made from recycled paper and the other is a
conventional black plastic container.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

z

Tissue type
Containerz
Biocontainer
Plastic
P-valuex

Table 4.3
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B
Concent
ration
Leaf
(ppm)
58 a
54 b
0.0346

K
Concent
rationy
Leaf

(%)

1.14 b
1.21 a
0.0226

24 a
20 b
0.0086

(mg)

Root

N
Content

288 a
241 b
0.0252

(ug)

Root

Fe
Content

87 a
71 b
0.0036

(ug)

Root

Zn
Content

30 a
23 b
0.0041

(ug)

Root

Cu
Content

34 a
29 b
0.007

(ug)

Root

B
Content

6a
5b
0.0294

(ppm)

Cu
Concent
ration
Root

17 a
16 b
0.0203

(ppm)

Zn
Concent
ration
Root

0.97 a
0.92 b
0.0482

-

Leaf

N:K

The effect of irrigation frequency on nutrient concentration, content, and N-to-other nutrient ratios in different tissue
types of Encore® azalea ‘Chiffon’.

y

The azalea plants were irrigated with the same total amount of water through once or twice irrigations during a day.
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

z

Tissue
Irrigation
Frequencyz
Once
Twice
P-valuex
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Stem concentrations of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Stem Macro Nutrient Concentration (%)
Stem Micro Nutrient Concentration (ppm)
y
Container
N
P
K
Ca
Mg
Fe
Mn
Zn
Cu
B
0.08 de
112 bc
12 bc
Biocontainer
0
0.48 e
0.59 a 0.41 a 0.20 b
32 b
5a
9c
Plastic
0.08 de
98 cd
10 c
Biocontainer
0.09 cd
87 cd
12 abc
5
0.59 d
0.62 a 0.42 a 0.23 ab
33 ab
4b
11 b
Plastic
0.10 cd
66 d
10 c
Biocontainer
0.11 c
138 ab
14 ab
10
0.65 c
0.63 a 0.41 a 0.25 a
32 b
4b
12 a
Plastic
0.15 ab
68 d
12 abc
Biocontainer
0.07 e
155 a
13 abc
15
0.75 b
0.59 a 0.40 a 0.24 a
38 a
3c
11 ab
Plastic
0.13 b
74 d
13 abc
Biocontainer
0.08 de
123 a
13 abc
36 ab
3c
11 ab
20
0.89 a
0.62 a 0.40 a 0.22 ab
Plastic
0.16 a
69 d
15 a
N
<.0001 <.0001 0.4985 0.9592 0.0045
0.005 0.0004 <.0001 <.0001 <.0001
P-valuex
C
<.0001 <.0001 0.063 0.4496 0.9298
0.8405 <.0001 0.2474 0.3915 0.0104
N*C
0.1306 <.0001 0.3611 0.4285 0.2015
0.9035 0.0002 0.0175 0.1911 0.8071
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

N rate
(mM)z
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C
N*C

N

Plastic
Biocontainer
Plastic

Biocontainer

Biocontainer
Plastic

Plastic

Container
Biocontainer
Plastic
Biocontainer

Root Macro Nutrient Concentration (%)
N
P
K
Ca
Mg
0.39 d 0.033 d
0.15 de
0.24 a
0.116 ab
0.36 d
0.03 d
0.19 abc 0.20 ab 0.106 abc
0.40 cd 0.056 bc
0.22 a
0.22 a
0.117 a
0.103
0.43 cd 0.054 c
0.20 ab 0.18 abc
abcd
0.43 cd 0.059 c
0.14 de
0.14 c
0.088 cd
0.47 bc 0.079 a 0.18 bcd 0.18 abc 0.106 abc
0.064
0.51 b
0.15 de
0.13 c
0.096 bcd
abc
0.59 a 0.07 abc
0.13 e
0.18 abc 0.104 abc
0.52 ab 0.062 bc 0.17 bde
0.14 c
0.106 abc
0.59 a 0.071 ab 0.15 de
0.14 c
0.083 d
<
<
<
<
0.0005
0.0001
0.0001
0.0001
0.0001
0.0006
0.0132
0.394
0.5914
0.1449
0.0194
0.0193
0.0008
0.0027
< 0.0001
y

0.5398
0.015

0.0058

74 a
47 b
48 b

55 ab

58 ab
65 ab

51 b

< 0.0001
0.0295

0.0002

74 d
108 abc
71 d

126 a

116 ab
92 bcd

86 cd

18.3 a
19.9 a
20.1 a
<
0.0001
0.0323
0.0172

16.5 abc

16.9 abc
15.7 abc

12.7 bc

0.0394
0.0032

0.283

5.9 abc
5.7 abc
5.6 abc

4.7 c

5.8 abc
5.7 abc

5.3 abc

< 0.0001
< 0.0001

< 0.0001

5.8 c
8.2 b
6.7 bc

6.1 c

6.3 c
6.4 c

5.9 c

Root Micro Nutrient Concentration (ppm)
Fe
Mn
Zn
Cu
B
63 ab
127 a
15.8 abc
7.6 a
6.2 c
61 ab
117 ab
12.6 c
5 bc
5.9 c
66 ab
109 abc
17.2 ab
7.1 ab
11 a

Root concentrations of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

z

Pvaluex

20

15

10

5

0

N rate
(mM)z

Table 4.6

Table 4.7

Container
Biocontainer
Plastic
P-value

Root B concentration and leaf Cu content of Encore® azalea ‘Chiffon’
plants.

(mM)z

N rate
Once
Twice
Once
Twice
N*C*IRF

0y
6b
6b
6b
6b
0.0203

Root B Concentration (ppm)
5
10
15
10 a
6b
6b
12 a
7b
6b
6b
6b
6b
6b
7b
6b
Leaf Cu Content (ug)
5
10
15
7 cde
7 cde
12 cd
5 cde
7 cde
22 ab
5 cde
10 cde
13 bc
9 cde
8 cde
9 cde

20
10 a
7b
7b
7b

0
20
N rate (mM)
Once
2e
21 ab
Biocontainer
Twice
3 de
25 a
Once
3 de
12 cd
Plastic
Twice
3 de
4 cde
x
N*C*IRF
0.0012
P-value
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and irrigated once or twice
per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the
stimulation method with a P-value < 0.05.
x
P-values of the interaction among N rate, container type, and irrigation frequency
(N*C*IRF) were indicated by analyses of variance (ANOVA).
Container
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N*C

C

Container
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
N

Total Macro Nutrient Content (mg)
N
P
K
Ca
16.6 e
2.8 e
17.0 e
14.5 f
18.8 de
3.3 e
23.0 e
15.2 f
46.0 de
10.7 d
44.5 de
37.0 d
56.4 d
12.6 cd
61.7 cd
39.4 de
122.3 c 20.0 ab
108.3 b
80.5 b
101.4 c 17.5 bc
84.2 bc
60.1 bc
189.3 b
24.2 a
147.1 a
113.4 a
135.1 c 17.7 bc
91.9 bc
65.7 bc
237.2 a
25.4 a
165.6 a
113.9 a
120.7 c 16.2 bcd 81.0 bc
58.0 cd
<
<
<
< 0.0001
0.0001
0.0001
0.0001
<
0.0006
<
< 0.0001
0.0001
0.0001
<
0.0005
<
< 0.0001
0.0001
0.0001
y

Mg
6.9 f
7.2 f
18.9 e
21.2 de
43.6 b
33.2 bc
60.9 a
35.8 bc
65.2 a
30.3 cd
<
0.0001
<
0.0001
<
0.0001

Total Micro Nutrient Content (ug)
Fe
Mn
Zn
Cu
B
177 ef
397 c
49 ef
22 ef
54 e
172 f
360 c
43 f
19 f
61 e
411 de
638 c
118 de
37 def
206 d
383 def
540 c
90 ef
36 def
229 cd
814 b
1775 b
245 bc
66 bc
502 b
614 bcd
882 c
169 d
54 cd
337 c
1107 a
2668 a
314 ab
80 ab
667 a
736 bc
838 c
187 cd
51 cd
302 cd
1118 a
2294 ab
372 a
97 a
669 a
517 cd
682 c
174 d
42 de
246 cd
<
<
<
<
<
0.0001
0.0001
0.0001
0.0001
0.0001
<
<
<
<
<
0.0001
0.0001
0.0001
0.0001
0.0001
<
<
<
<
<
0.0001
0.0001
0.0001
0.0001
0.0001

Total contents of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

z

Pvaluex

20

15

10

5

N rate
(mM)z
0
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Container
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
Biocontainer
Plastic
N
C
N*C

N
6.1 e
8.2 e
12.8 e
15.9 e
28.4 d
28.9 cd
43.96 b
39.3 bcd
61.4 a
40.1 bc
< 0.0001
0.0196
< 0.0001

y

Stem Macro Nutrient Content (mg)
P
K
Ca
7.9 e
5.8 d
1.2b
10.1 e
6.5 d
12.7 e
9.5 d
2.3b
17.3 de
10.6 d
29.7 bc
18.6 c
5.5a
26.8 cd
17.2 c
38.1 ab
25.3 ab
5.3a
28.9 bc
19.5 bc
47.6 a
28.2 a
6.4a
26.8 cd
18.2 c
< 0.0001 < 0.0001
< 0.0001
0.0037
0.0013
0.0011
0.3006
< 0.0001
0.0006
Mg
2.9 d
3.2 d
4.9 d
6.2 cd
11.3 b
10.3 b
15.2 a
11.2 b
17.3 a
9.3 bc
< 0.0001
< 0.0001
< 0.0001

Stem Micro Nutrient Content (ug)
Fe
Mn
Zn
Cu
B
43 f
148 c
16 d
7f
12 e
52 f
154 c
16 d
8 ef
14 de
73 ef
190 c
27 d
9 ef
23 de
89 ef
177 c
25 d
12 def
28 d
161 cd
684 b
67 bc
17 bc
55 bc
124 de
277 c
49 c
17 bc
48 c
243 ab
1023 a
82 ab
22 ab
67 ab
186 bc
350 c
63 bc
16 cd
54 bc
264 a
936 ab
98 a
26 a
80 a
154 cd
289 c
63 bc
13 cde
50 c
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0002
0.0001 < 0.0000 < 0.0001 0.0004 0.0008
0.0001 < 0.0001
0.0055 < 0.0001 < 0.0001

Stem contents of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

z

P-valuex

20

15

10

5

N rate
(mM)z
0
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Ny

Leaf contents of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Leaf Macro Nutrient Content (mg)
Leaf Micro Nutrient Content (ug)
Container
P
K
Ca
Mg
Fe
Mn
Zn
Cu
B
Biocontainer
3.6 e
1.2 d
6.4 e
4.5 e
2.0 e
18 d
26 f
6e
2e
31 e
0
Plastic
5.0 e
1.6 d
10.0 e
5.5 e
2.4 f
25 d
29 f
8e
3 de
38 e
Biocontainer 20.5 de
6.7 c
24.8 de 20.7 de 10.3 e
128 c
92 def
36 cd
6 cde
149 d
5
Plastic
26.8 e
8.3 bc 37.7 cd 23.0 cd 11.6 de
130 c
88 ef
23 de
7 cde 181 cd
Biocontainer 64.5 c 10.8 ab 69.2 b
52.8 a
26.4 b
254 b
296 c
63 b
7 cde
404 b
10
Plastic
50.6 cd 7.9 bc 48.9 bc 34.6 bc 18.0 cd
180 bc 173 de 45 bcd
9c
259 c
Biocontainer 102.0 b 14.5 a
96.6 a
77.0 a
37.6 a
388 a
549 a
90 a
17 b
547 a
15
Plastic
70.6 c
8.4 bc 57.5 bc 38.7 b 20.2 bc
238 b
190 d
47 bc
11 c
224 cd
Biocontainer 132.0 a 14.3 a 103.7 a 74.2 a
39.0 a
463 a
442 b
106 a
23 a
520 a
20
Plastic
60.2 c
6.9 c
49.0 bc 34.9 cd 18.0 cd
195 bc 153 de 40 bcd
8 cd
173 cd
<
<
<
<
<
<
<
<
<
<
PN
0.0001 0.0001 0.0001 0.0001 0.0001
0.0001 0.0001 0.0001 0.0001 0.0001
valuex
<
<
<
<
<
<
<
<
<
<
C
0.0001 0.0001 0.0001 0.0001 0.0001
0.0001 0.0001 0.0001 0.0001 0.0001
<
<
<
<
<
<
<
<
<
<
N*C
0.0001 0.0001 0.0001 0.0001 0.0001
0.0001 0.0001 0.0001 0.0001 0.0001
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

N rate
(mM)z
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Ny

Root contents of macronutrients and micronutrients in Encore® azalea ‘Chiffon’ plants.

Root Macro Nutrient Content (mg)
Root Micro Nutrient Content (ug)
Container
P
K
Ca
Mg
Fe
Mn
Zn
Cu
B
Biocontainer
6.9 e
0.6 fg
2.7 f
4.3 ef
2.1 ef
116 d
223 c
27 de
13 cd
11 fg
0
Plastic
5.6 e
0.5 g
2.9 f
3.2 f
1.6 f
95 d
178 c
19 e
8d
9g
Biocontainer 12.7 de
1.8 ef
7.1 cde 6.9 bcde 3.7 cd
211 cd 357 c
55 cd
22 cd
35 cd
5
Plastic
13.7 cde
1.8 efg
6.6 cde 5.8 cdef 3.3 de
165 d
275 c
41 cde
17 cd
19 efg
Biocontainer 29.4 b
4.0 bc
9.4 bc
9.2 ab
5.9 b
398 ab 795 b
115 b
41 ab
43 bc
10
Plastic
21.9 bc
3.7 cd
8.5 cd
8.4 abc 5.0 bc
310 bc 432 c
76 c
27 bc
30 de
Biocontainer 43.3 a
5.5 a
12.4 ab
11.1 a
8.1 a
476 a 1096 a 142 ab
41 ab
52 b
15
Plastic
25.2 b
2.9 cde
5.5 def 7.5 bcd 4.4 cd
313 bc 298 c
77 c
24 c
24 def
Biocontainer 43.8 a
5.2 ab
14.3 a
11.5 a
8.9 a
391 ab 917 ab
169 a
48 a
69 a
20
Plastic
20.5 bcd
2.4 de
5.1 ef
4.9 def 2.9 def
169 d
241 c
71 c
21 cd
24 def
x
N
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
P-value
C
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
N*C
< 0.0001 < 0.0001 < 0.0001 0.0004 < 0.0001
0.0135 < 0.0001 < 0.0001 0.0167 < 0.0001
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
x
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

N rate
(mM)z
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Allocation of macronutrients and micronutrients among tissue types of Encore® azalea ‘Chiffon’ plants.

Nz, y

Macro Nutrient Content (mg)
Micro Nutrient Content (ug)
Tissue
P
K
Ca
Mg
Fe
Mn
Zn
Cu
B
Leaf
53.6 a 8.1 a 50.4 a 36.6 a 18.5 a
202 b 204 c 46 b
9c
253 a
Stem
28.5 b 4.1 b 24.6 b 15.9 b 9.2 b
139 c 423 b 51 b 15 b
43 b
Root
22.3 c 2.8 c 7.4 c
7.3 c
4.6 c
264 a 481 a 79 a 26 a
32 b
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
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N:Py, x

Ratios of N to other macronutrients in the plant and in leaf of Encore® azalea ‘Chiffon’ plants.

Plant Nutrient Ratios
Leaf Nutrient Ratios
Container
N:K
N:Ca
N:Mg
N:P
N:K
N:Ca
N:Mg
Biocontainer
6.3 c
1.0 efg
1.2 e
3.3 c
0.59 fg
0.84 ef
1.9 d
0
2.5 d
Plastic
5.7 c
0.84 g
1.3 cd
3.2 c
0.51 g
0.92 f
2.1 d
Biocontainer
4.5 d
1.1 def
1.3 cd
3.2 c
0.84 de
1.0 def
2.0 d
5
2.6 d
Plastic
4.6 d
0.93 fg
1.4 bc
3.2 c
0.70 ef
1.2 cde
2.3 cd
Biocontainer
6.2 c
1.1 cde
1.5 b
6.1 b
0.94 cd
1.2 bcd
2.5 cd
10
2.9 c
Plastic
5.8 c
1.2 cd
1.7 b
6.5 b
1.03 c
1.5 b
2.8 bc
Biocontainer
7.9 b
1.3 bc
1.7 b
7.1 b
1.1 bc
1.3 bc
2.7 c
15
3.5 b
Plastic
7.6 b
1.5 ab
2.1 a
8.4 a
1.2 ab
1.8 a
3.5 a
Biocontainer
9.4 a
1.4 ab
2.1 a
9.2 a
1.3 a
1.8 a
3.4 a
20
3.9 a
Plastic
7.5 b
1.6 a
2.1 a
8.7 a
1.2 ab
1.7 a
3.3 ab
<
P< 0.0001 < 0.0001
< 0.0001
< 0.0001 < 0.0001 < 0.0001 < 0.0001
N
0.0001
valuew
<
C
0.0006
0.6951
< 0.0001
0.2099
0.9506 < 0.0001 0.0003
0.0001
N*C
0.0074
0.0003
0.0445
0.0748
0.0222
0.0029
0.0007
0.0323
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
The ratio between N and other macro-nutrients were calculated by dividing N content by the other nutrient content in each tissue
type or in the plant.
x
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
w
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

N rate
(mM)z

Table 4.13
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N:Py, x

Ratios of N to other macronutrients in the stem and in root of Encore® azalea ‘Chiffon’ plants.

Stem Nutrient Ratios
Root Nutrient Ratios
Container
N:K
N:Ca
N:Mg
N:P
N:K
N:Ca
N:Mg
Biocontainer
6.3 b
0.79 e
2.1 c
2.6 cd
1.7 c
3.4 e
0
1.2 d
13.1 a
Plastic
6.6 b
0.86 de
2.6 c
2.1 d
2.0 c
3.6 e
Biocontainer
6.6 b
1.03 cde
2.7 c
1.8 d
1.9 c
3.5 e
5
1.5 c
7.8 b
Plastic
6.3 b
0.91 de
2.5 c
2.1 d
2.5 bc
4.2 de
Biocontainer
5.7 b
1.0 cde
2.5 c
3.3 bc
3.6 ab
5.1 bcd
10
1.6 c
6.9 b
Plastic
4.9 b
1.1 bcde
2.8 bc
2.7 cd
2.7 bc
4.4 cde
Biocontainer 10.4 a
1.2 bcd
2.9 bc
3.6 bc
4.0 a
5.4 bc
15
1.9 b
8.3 b
Plastic
6.3 b
1.4 ab
3.6 b
4.6 a
3.4 ab
5.7 b
Biocontainer 10.5 a
1.3 abc
3.6 b
3.2 c
3.9 a
5.0 bcd
8.7 b
20
2.3 a
Plastic
6.2 b
1.6 a
4.6 a
4.2 ab
4.3 a
7.4 a
w
N
<0.0001 <0.0001 <0.0001 < 0.0001
< 0.0001 < 0.0001 <.0001
<.0001
P-value
C
<0.0001 0.0124
0.0354 0.0001
0.7915
0.1211 0.8644
0.0003
N*C
<0.0001 0.0399
0.8525 0.0148
0.5148
0.0003 0.0128
<.0001
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and irrigated once or twice per day with the same total daily water volume.
y
The ratio between N and other macro-nutrients were calculated by dividing N content by the other nutrient content in each tissue
type or in the plant.
x
Different lower-case letters within a column suggest significant difference using the stimulation method with a P-value < 0.05.
w
P-values of the main effect of N rate (N), container type (C), and the interaction between N rate and container type (N*C) were
indicated by analyses of variance (ANOVA).

N rate
(mM)z

Table 4.14
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PLANT GROWTH AND NITROGEN UPTAKE OF ENCORE AZALEA ‘CHIFFON’
IN RESPONSE TO NITROGEN AVAILABILITY AND CONTAINER TYPE
Abstract
Progression of plant growth and nitrogen (N) uptake of Encore® azalea ‘Chiffon’
grown in both a traditional plastic container and a biodegradable container made from
recycled paper were investigated over 8 months during the 2013 growing season. Three
hundred and twenty 1-year-old azalea liners were transplanted into two types of
containers and fertilized twice weekly with 250 ml of N-free fertilizer solution containing
either no N or 15 mM N from ammonium nitrate. Bi-weekly from May to December, 20
plants (5 from each treatment combination) were destructively harvested and oven-dried
for nutrient analyses. With 15 mM N supply, the biocontainer-grown plants had a higher
plant growth index (PGI), dry weights (leaf, stem, root and total plant dry weight), and N
content than plastic container-grown plants. These differences appeared in September,
after plants in plastic containers stopped accumulating biomass and N by the end of
August. Plants in biocontainers produced another flush of growth in September resulting
in higher tissue N content and N uptake efficiency. Leaf SPAD readings and tissue N
concentration were mostly influenced by N rate rather than container type with 15 mM N
producing higher values than the no N treatment. SPAD readings increased from May to
August and decreased from September to December. The biocontainers used in this study
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produced larger azalea plants and improved N uptake mainly by increasing growth rate
and extending the active growth period.
Introduction
Azaleas (Rhododendron sp.) are among the most popular ornamental crops in the
U.S. The market for azaleas in the U.S. was 19 million dollars, with approximately 4.4
and 4.1 million plants sold in 2013 and 2014, respectively (USDA, 2015). Azaleas are
popular for their colorful blooms and various blossom forms. Encore® azaleas are a
branded series of patented azaleas which bloom in spring, summer, and fall (Wilson Bros.
Nursery, 2009). Multiple blooming seasons require continuous growth. Nutrient
requirements of a given cultivar during the growing season are difficult to predict and
have rarely been reported.
Nitrogen uptake of a given species or cultivar is subject to a number of factors
such as irrigation method, climate, and growth rate (Bi et al., 2007a; Gastal and Lemaire,
2002; Million et al., 2007; Scagel et al., 2007). How N is taken up by plants will vary
depending on the production conditions (Gastal and Lemaire, 2002). Nutrient uptake
varies within a growing season, between growing seasons, between production sites, and
between crops (Chang et al., 2012; Pradubsuk and Davenport, 2010; Ristvey et al., 2007;
Scagel et al., 2007). Plant requirements for N vary during a growing season with different
growth rates and N partitioning (Strik and Bryla, 2015). With sufficient N supply, the
increase of N content in a plant is to a large degree determined by the growth rate of
plants rather than by the different species or climatic conditions (Gastal and Lemaire,
2002). However, the correlation between plant N content and plant biomass accumulation
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is not linear. With an extra unit of increased N content in a plant, the increase in plant
biomass decreases (Gastal and Lemaire, 2002).
To provide plants with the optimal nutrition supply relies on specific information
on nutrient requirements of a species or cultivar, plant growth stage, climatic conditions,
and substrate composition (Cardarelli et al., 2010; Gomez-Lopez et al., 2006; Mengel and
Kirkby, 2001). Chang et al. (2012) reported N supply and climate fluctuations interacted
to influence growth and yield of Anthurium andraeanum Lind. where N supply was the
limiting factor during spring and summer, whereas climate conditions was the limiting
factor during fall and winter in Taiwan, a subtropical climate.
Biodegradable containers (biocontainers) have been investigated in recent years
as sustainable alternatives to conventional plastic containers (Hall et al., 2010;
Nambuthiri et al., 2015; White, 2009). A variety of biocontainers made from materials
such as peat, manure, coir, straw, or wood fiber have been found to produce plants of
quality equal to traditional plastic containers (Koeser et al., 2013a; Kuehny et al., 2011).
Depending on the hydrophilic or hydrophobic materials that constitute the biocontainers,
plants grown in biocontainers will have various water use characteristics, with some
requiring more water or more frequent irrigation than plastic containers (Evans and
Karcher, 2004; Evans et al., 2010; Koeser et al., 2013b). Water availability between any
two irrigation events, on the other hand, may influence nutrient availability to the plants
in the substrate (Scagel et al., 2011). The porous nature of the sidewalls of some
biocontainers has resulted in higher water use, but the increased evaporation was found to
help reduce substrate temperature, a helpful feature at locations where summer heat stress
may be a problem for plant growth (Nambuthiri et al., 2015; Wang et al., 2015).
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Based on the reported beneficial influence of biodegradable containers, we
hypothesized the paper biocontainer used in this study would have an influence on plant
growth as well as nutrient uptake of azalea plants, which may result in a different nutrient
uptake pattern during the growing season. The influence of biocontainers on the nutrient
uptake of Encore® azaleas during a full growing season has not been reported. The
objectives of this study were to investigate the plant growth and N uptake pattern of
Encore® azalea ‘Chiffon’ during a growing season, and to compare plant growth and N
uptake of plants grown in a conventional plastic container to those grown in paper
biocontainers.
Materials and Methods
Plant culture and treatment
The study was conducted at Mississippi State University (lat. 33°26’ N, long.
88°47’ W) in 2013. Three hundred and twenty 1-year-old liners of Encore® azalea
‘Chiffon’ were transplanted into two types of one-gallon containers in April 2013: a
conventional black plastic container (GL400, Nursery Supplies Inc., Chambersburg, PA)
and a biodegradable container made of recycled paper (7×7 RD; Western Pulp Products
Co., Corvallis, OR). Pine bark (100% adjusted with 1lb/yard lime; ~ 1.5cm particle size)
was used as the growth substrate. Starts two weeks after transplanting (Apr. 23) and
continuing until Sep. 12, all plants were fertilized twice weekly with 250 ml of N-free
fertilizer (Cornell N. N Eq. 0-6-27; GreenCare Fertilizers, Kankakee, IL) plus either no N
or 15 mM (210 mg·l-1) N from ammonium nitrate. All plants were irrigated as needed
using a drip irrigation system. The dwarf variety of Encore® azalea ‘Chiffon’, with a slow
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growth rate, was chosen for this study to accommodate plant growth for one year in 1-gal
containers.
Measurements
Every two weeks from May 10 to Dec. 3, 5 plants from each treatment (total of 20
plants) were randomly selected, destructively harvested, and separated into leaves, stems,
and roots. Plant height and widths [(greatest width (width 1) and width perpendicular to
width 1 (width 2))] were measured during the treatment period. Chlorophyll content were
estimated using a SPAD meter (SPAD 502 Plus; Konica Minolta, Tokyo, Japan) before
every harvest. Plant growth index (PGI) was calculated as the average of plant height,
width 1, and width 2. All samples were rinsed of any substrate with deionized water.
Plant components were separated into leaves, stems, and roots and oven dried at 60 °C to
a constant weight. Dry weight of each tissue sample was recorded.
Mineral nutrient analyses
After being oven dried, all samples were ground for nutrient analyses using a
Wiley mill to pass a 1-mm mesh (#20 mesh). The Kjeldahl procedure, in which organic N
is converted into NH4-N, a form that can be analyzed by a variety of techniques
(Bremner, 1965) was used for the determination of total N in each plant sample using 0.1
gram of dry sample.
Calculations
Total plant dry weight was calculated by summing the dry weights of the leaves,
stems, and roots of each plant. N content in each tissue was calculated by multiplying
tissue N concentration by its dry weight. Total plant N content in the plant was estimated
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by summing the N content of leaves, stems, and roots. Average plant N concentration
was calculated by dividing total plant N content by total plant dry weight.
The rate of biomass accumulation [growth rate (mg/day)] was estimated by
calculating the average change in biomass of each plant tissue between every other
harvest due to the slow growth rate of the Encore® azalea ‘Chiffon’. N uptake rate
(mg/day) was estimated by calculating the change in N content between every other
harvest, either in a specific tissue type or in the whole plant, and then divided by the
number of days between harvests. N uptake from the fertilizer was estimated by
subtracting the average N uptake of plants under no N treatments from the N uptake of
those receiving 15 mM N between every other harvest. Uptake efficiency of N in plants
receiving 15 mM N was calculated as the proportion of average N uptake of plants in a
given container type to the total applied N fertilizer over the measured interval (Bi et al.,
2007b).
Experimental design and statistical analyses
This treatment design was complete factorial and the experimental design was a
randomized complete block design. The three treatment factors were N rate (2 levels),
container type (2 types), and harvest time (16 harvests). Significance of main effects and
interactions among factors were determined using analysis of variance (ANOVA) with
the GLM procedure of SAS (Version 9.4, SAS Institute, Cary, NC). Where indicated by
ANOVA, means were separated by Fisher’s LSD test at P < 0.05.

99

Results
Plant Growth
The interaction between container type and N rate was significant in affecting PGI
for harvest from Sep. 13 (10th harvest) to Dec. 3 (16th harvest), except for the 15th
harvest on Nov. 22 (Fig. 5.1A). Where the interaction was significant, biocontainers
produced plants with a higher PGI than did plastic containers under 15 mM N. There was
no significant difference between container types when plants received no N. Prior to
harvests when the interaction between N rate and container type was significant in Sep.,
plants fertilized with 15 mM N had a higher PGI than those with no N from the second
harvest (May 24) to the ninth harvest (Aug. 30). No difference in PGI was found at the
first harvest on May 10 (Fig. 5.1A). Container type did not influence PGI for the first
nine harvests (May 10 to Aug. 30).
SPAD readings
For SPAD readings, no significant interaction between container type and N rate
was found for all 16 harvests (Fig. 5.1B). Plants fertilized with 15 mM N had higher
SPAD readings than those receiving no N for all harvests over the growing season (Fig.
5.1B). Plastic containers produced plants with higher SPAD on July 3 (5th harvest).
However, biocontainers resulted in higher SPAD toward the end of the growing season
(Nov. 9 and Nov. 22, the 14th and 15th harvests). Except for these three harvests,
container type did not influence SPAD readings. During the growing season, SPAD
readings showed an increase from May to the end of Aug. and a decrease toward the end
of the season for plants fertilized with 15 mM N. Leaf N concentration in these plants
started to decrease at the same time with SPAD readings (Fig. 5.4A), although there is no
100

reported correlation between leaf N concentration and SPAD readings in azaleas and such
correlations vary among species (Jifon et al., 2005; Kim et al., 2013; Netto et al., 2005).
When there is a reliable correlation, SPAD data may be used as a reference for growers to
decide when to apply N fertilizers.
Plant dry weight
The interaction between container type and N rate was significant for the last 7
harvests (Sep 13. to Dec. 3), with biocontainers producing greater plant dry weight than
plastic containers using 15 mM N and no significant difference in plant dry weight
between container types with no N treatment (Fig. 5.2). Greater total plant dry weight
resulted from 15 mM N than no N treatment from May 24 (2nd harvest) to Aug. 30 (9th
harvest). There was no significant difference in plant dry weight between N treatments on
May 10. Container type did not significantly affect plant dry weight for the first 9
harvests (May 10 to Aug. 30) (Fig. 5.2D).
Dry weights of both leaves and roots started with no difference among treatments
on May 10 (1st harvest). A higher N rate (15 mM) resulted in greater leaf dry weight
from the May 24 (2nd harvest) to Aug. 30 (9th harvest) and greater root dry weight from
May 24 (2nd harvest) to Sep. 13 (10th harvest), with no significant effect from container
type except plastic containers resulted in greater leaf dry weight on June 21 and greater
root dry weight on May 24 (Fig. 5.2A and C). Toward the end of the growing season, the
interaction between N rate and container type became significant for leaf dry weights
from Sep. 13 to Dec. 3 (last seven harvests) and for root dry weights from Sep. 26 to Dec.
3, the last six harvests, sharing the same trend with total plant dry weight during the same
period.
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Treatments had no significant effect on stem dry weight on May 10 (1st harvest),
June 7 (3rd harvest), and June 21 (4th harvest). The interaction between N treatment and
container type was significant on Sep. 26, Oct. 11, Oct. 25, Nov 9, and Dec. 3 for 5
harvests toward the end of the growing season, similar to leaf and root dry weights (Fig.
5.2B). For the other eight harvests, container type did not have a significant effect, but 15
mM N produced greater stem dry weights than the no N treatment.
Biomass accumulation
During the growing season, the growth rate of plants that received no N from
fertilizer remained between -50 mg/day and 50 mg/day in terms of the increase/decrease
in plant total biomass (Fig. 5.3). Under 15 mM N, plants grown in biocontainers
generally had a similar or higher growth rate than plants grown in plastic containers.
During the growing season, the biocontainer-grown plants had three flushes of growth,
from June 21 to July 19, Aug. 16 to Sep. 13, and Oct. 11 to Nov. 9. In comparison, plastic
container-grown plants had only two flushes of growth concurrent with the timing of the
first two flushes of biocontainer-grown plants. During the first two flushes of growth,
biocontainers resulted in growth rates of 183.4 mg/day and 194.0 mg/day, compared to
132.2 mg/day and 100.1 mg/day for plants grown in plastic containers. During the period
from Oct. 11 to Nov. 9, the biocontainer-grown plants were still accumulating biomass at
a rate of 138.1 mg/day, whereas plants in plastic containers were losing biomass at a rate
of 11.9 mg/day. Plants grown in biocontainers started to lose biomass after Nov. 9
through Dec. 3.
Leaves accumulated biomass at a higher rate earlier in the season [from May to
mid-September (peak)] and started to drop after Sep. 13 (Fig. 5.3A). Plants grown in
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plastic containers started to lose biomass after Sep. 13. However, plants grown in
biocontainers continued accumulating biomass, but at a lower rate, from Sep. 13 to Nov.
9, and then started to lose leaf biomass in November.
Compared to leaves, stem and roots accumulated biomass at a relatively higher
rate from mid-September to November (Fig. 5.3B and C). The rate of biomass
accumulation in stems peaked in both plastic containers and biocontainers on Sep. 13
after which the rate in plastic container-grown plants dropped dramatically, but remained
at a high rate in biocontainer-grown plants until the last harvest.
There were two root growth flushes in both plastic containers and biocontainers
from Aug. 16 to Sep. 13 and from Oct. 11 to Nov. 9 (Fig. 5.3). However, the plants in
plastic containers had root growth rates of 18.6 and 31.4 mg/day during these two peak
intervals, with roots of biocontainer-grown plants growing at 78.1 and 74.3 mg/day
during these same time intervals.
Tissue N concentration
Higher average plant N concentration resulted from 15 mM N fertilization(Fig.
5.4). Container type did not significantly influence tissue N concentration at most
harvests. When it had an effect, plastic containers produced higher N concentrations
either in one tissue type or in the entire plant on average.
Plants fertilized with 15 mM N had higher leaf N concentration at each harvest
(Fig. 5.4A). Container type did not significantly influence leaf N concentration. For stem
N concentration, there was a significant interaction between N rate and container type
treatment at four harvests(Aug. 3, Sep. 13, Oct. 11, Oct. 25), when plastic containergrown plants had higher N concentrations than biocontainer-grown plants using 15 mM
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N (Fig. 5.4B). On Nov. 9 (14th harvest), plastic container-grown plants had higher stem
N concentrations than biocontainer-grown plants. Except for the four harvests when the
interaction between N rate and container type was significant, plants treated with 15 mM
N had higher stem N concentrations than plants receiving no N at the other 11 harvests.
As for N concentration in roots, there was an interaction between N rate and container
type at 4 harvests, Sep. 13, Sep. 26, Oct. 11, and Nov. 9, when plastic containers resulted
in higher N concentration in roots than biocontainers using 15 mM N, with no significant
difference between container types in plants receiving no N (Fig. 5.4C). For all other 11
harvests, 15 mM N resulted in higher root N concentrations than the no N treatment.
Plastic containers produced plants with higher root N concentration at 2 harvests, July 3
and July 19.
In addition, there was a significant interaction between N rate and container type
on average plant N concentration on Oct. 25, with 15 mM N and plastic containers
producing the highest plant N concentrations and no significant difference between
containers when plants received no N (Fig. 5.4D). Plants fertilized with 15 mM N had
higher average N concentrations for all other 15 harvests.
Tissue N content
In both container types when plants received no N, leaf N content decreased as
the growing season progressed (Fig. 5.5). Using 15 mM N, N content in leaves had an
increasing trend from May 10 to Aug. 30 and then started to decrease toward the end of
the season when grown in plastic containers (Fig. 5.5A). However, leaf N content of
biocontainer-grown plants kept increasing for another 4 weeks until Sep. 26 before
starting to decrease at the end of the season.
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For the first 9 harvests, container type did not significantly influence N contents
except on June 21 when plastic containers resulted in a higher N content in leaves than
did biocontainers (Fig. 5.5A). During the same period of time, 15 mM N produced higher
leaf N content than no N with no significant interaction between N rate and container
type. The interaction was significant starting at the tenth harvest (Sep. 13) and remained
significant through the last harvest on Dec. 3, when plants grown in biocontainers had
higher N content than those grown in plastic containers and fertilized with 15 mM N, but
with no difference in N content between container types using no N. Leaf N content
followed a similar trend as leaf dry weight (Fig. 5.5A). Considering container type did
not influence leaf N concentration over the growing season, the higher N content in
biocontainers using 15 mM N can be attributed to the greater leaf dry weight of plants
grown in biocontainers.
An interaction between N rate and container type for stem N content was
significant at five harvests (July 3, Sep. 26, Oct. 11, Nov. 9, and Dec. 3), with higher
stem N content measured in plants grown in biocontainers than in plastic containers using
15 mM N, but no significant difference between container types in the no N treatment.
Plants fertilized with 15 mM N had higher N content in stems than the no N treatment at
all other harvests, except for May 10 (1st harvest) when there was no significant
difference among treatments (Fig. 5.5B).
An interaction between N rate and container type for root N content was
significant from Sep. 26 (11th harvest) through the last harvest on Dec. 3. Biocontainergrown plants had higher N content in roots than those grown in plastic containers using
15 mM N. No difference in root N content was measured due to container type under the
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no N treatment. Nitrogen content in roots was increased by fertilization with 15 mM N
compared to no N treatment for all other harvests except May 10 and June 21 (Fig. 5.5C).
Biocontainers resulted in higher root N content at the third harvest on June 7, whereas
plastic container resulted in greater root N content at the second harvest on May 24.
With no N supply, total N content in plants was not significantly different
between container types at all harvests (Fig. 5.5D). Average total N content in the no N
treatment was 21.5 mg and dropped to 16.8 mg by the last harvest. Average total N
content in plants fertilized with 15 mM N started at 29.5 mg at the first harvest (May 10,
about two weeks after fertilization started) and increased to 122.4 mg by the end of the
season (Dec. 3), when plants grown in biocontainers had almost twice the total N content
(averaged 163 mg) of plastic containers (averaged 81.7 mg).
The interaction between N rate and container type was significant for the last 7
harvests from Sep. 13 to Dec. 3, when biocontainer-grown plants had greater total N
content than plastic container-grown plants under 15 mM N. Greater total N content
resulted from 15 mM N treatment than the no N treatment from May 10 to Aug. 30 (Fig.
5.5D). Plastic containers resulted in greater total N content than biocontainers on May 24
(2nd harvest) and June 21 (4th harvest).
N uptake from fertilizer
N uptake from fertilizer shared a similar trend with plant total N content since the
N content did not fluctuate much throughout the study in plants that received no N (Fig.
5.6A). N uptake of plants grown in plastic containers increased from May to August and
then decreased from September until the final harvest in December. However, N uptake
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of biocontainer-grown plants kept increasing for another month, until September, before
starting to decrease.
N uptake efficiency
The N uptake efficiency of plants in plastic containers increased from 2.71% on
May 10 to 5.59% on June 7 and then remained between 5% and 6% from June 7 to Aug.
16 (Fig. 5.6B). N uptake efficiency peaked (6.96%) on Aug. 30 and decreased until the
end of the season in plants grown in plastic containers. However, the increasing trend of
N uptake efficiency lasted from May 10 (2.35%) to Sep. 26 (8.84%) using biocontainers
before it started to decrease. The N uptake efficiency of biocontainer-grown plants
increased during the period from Sep. 13 to Sep. 26, suggesting the biocontainer-grown
plants were still actively taking up N even with the last fertilization applied on Sep. 12.
The average N uptake efficiency from fertilizer in biocontainer-grown plants was greater
than in plastic container-grown plants from July 3 to Dec. 3.
N uptake rate
In plants receiving no N from fertilizer during the entire growing season,
regardless of container type, N uptake rate was close to 0, suggesting that little N was
available from the substrate (Fig. 5.6C). Using 15 mM N, biocontainer- and plastic
container-grown plants had comparable N uptake rates in May and June. By July 19,
biocontainer-grown plants showed greater N uptake rate, with biocontainer-grown plants
absorbing 1.61 mg of N per day on average and plastic container-grown plants absorbing
0.99 mg of N per day. Rate of N uptake of plants grown in both biocontainers and plastic
containers peaked by Sep. 13, consistent with the time that fertilization was stopped. At
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this time, biocontainers resulted in 2.17 mg of N uptake per day compared to 1.56 mg of
N uptake in plastic container-grown plants. By Oct. 11, N uptake rate in both container
types dropped to below zero, indicating total N content started to decrease from Sep. 13
to Oct. 11.
Discussion
Using 15 mM N, biocontainers resulted in greater PGI, plant dry weight, and N
content in the plant and in each tissue type than did plastic containers, with the significant
difference occurring on either Sep. 13 or Sep. 26 and this trend continuing until the last
harvest on Dec. 3. The biocontainers provided a growth environment for the plants that
stimulated increasing plant size, biomass, and N uptake, even when the last fertilization
was on Sep. 12. By comparison, plastic containers resulted in higher SPAD readings, leaf
and root dry weights, and leaf and root N content earlier in the season at some harvests
before July 3, which indicates plastic containers provided a better or similar growth
environment compared to biocontainers earlier in the growing season. However, the
situation reversed after September.
Higher N concentrations (in each tissue type, or in the plant on average) were
found in plastic containers when there was a container influence; however, biocontainergrown plants had greater N content, likely resulting from the greater biomass of
biocontainer-grown plants. This suggests that biocontainers increased N content by
stimulating growth, resulting in a larger plant that absorbed more N from the substrate
instead of increasing the uptake of N specifically.
Sustainable alternative containers have been reported to produce plants of
comparable quality compared to conventional plastic containers (Beeks and Evans, 2013;
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Koeser et al., 2013b; Kuehny et al., 2011; Li et al., 2015), which is consistent with our
results in this study. Paper (also referred as wood pulp) containers produced river birch
(Betula nigra) plants of comparable PGI and plant biomass to plastic containers in a potin-pot production system (Li et al., 2015). Higher dry root weight of cyclamen (Cyclamen
persicum) were found using paper and wood fiber containers compared with plastic
containers (Beeks and Evans, 2013). Although the porous sidewall of the paper container
used in the study was found to increase water use due to water loss through the container
sidewall (Nambuthiri et al., 2015; Wang et al., 2015), the evaporative cooling effect as a
result of sidewall water loss may be beneficial for plant root growth in locations with hot
summer conditions (Nambuthiri et al., 2015). This may have contributed to the increased
plant growth of azalea plants grown in biocontainers in our study. Further, the substrate
moisture level in biocontainers may have dropped to a lower level due to increased water
loss which may have enhanced azalea root growth, a plant that benefits from well-drained
substrates (Larson, 1993).
Highest rates of both plant biomass accumulation and N uptake occurred during
the period between Aug. 16 and Sep. 13. The consistent timing of fast biomass
accumulation and N uptake confirmed the theory that the growth rate of a given species
is, to a large degree, the driving force of N uptake under sufficient N supply (Gastal and
Lemaire, 2002). After Sep. 13, PGI and plant biomass of plants grown in biocontainers
continued to increase until Nov. 9. Those plants grown in plastic containers started to
decrease in PGI and plant biomass, resulting in the onset of significant differences in PGI
and plant dry weights between plastic container- and biocontainer-grown plants using 15
mM N. Biocontainers increased plant growth by extending the growing period of azalea
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plants further into late fall in our study. With this information, sufficient fertilization at
the times of growth flushes coinciding with the plastic container-grown (2 flushes of
growth) and biocontainer-grown plants (3 flushes of growth) is important for sustaining
growth of azalea plants for an efficient fertilization program.
N uptake varies among species, or cultivars of the same species, which is also
attributed to a series of growing conditions (Bi et al., 2007b; Gastal and Lemaire, 2002;
Million et al., 2007). Under the set of experimental conditions in this study, there was a
lower N uptake rate and lower N uptake efficiency than those reported by Bi et al.
(2007b), which was likely due to two reasons: 1) the Encore® azalea ‘Chiffon’ used in
this study was the most dwarf cultivar in this series, having a slower growth rate
compared to Rhododendron ‘P.J.M.’ and Rhododendron ‘Cannon’s Double’ used by Bi et
al.; and 2) a higher N rate of 15 mM instead of 10 mM N was provided to azalea plants in
our study, resulting in more N waste. This higher N rate was used to ensure N is not a
limiting factor for plant growth and N uptake during the growing season.
Based on our results, the biocontainer-grown plants had an extra flush of growth
in September, in addition to the two flushes earlier in the season, while plastic containergrown plants stopped accumulating dry mass and N content prior to September. Liquid
feeding of fertilizer is usually terminated by growers in September, which works well
with plastic container-grown plants since they have stopped absorbing additional N by
this time. Biocontainer-grown plants may still require fertilization through September to
support the final flush of growth. However, it has to be taken under consideration that
fertilizer application at this time stimulates new growth and sometimes is not
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recommended because the new, tender growth may not survive freezing winter
temperatures.

Figure 5.1

Plant growth index (PGI) (A) and SPAD readings (B) of Encore® azalea
‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and measured biweekly.
PGI = [plant height + width 1 (widest point) + width 2 (perpendicular width)]/3.
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Figure 5.2

Leaf (A), stem (B), root (C), and total plant dry weight (D) of Encore®
azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and harvested biweekly.
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Figure 5.3

The rate of biomass accumulation in leaf (A), stem (B), root (C), and the
total plant (D) measured in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and harvested biweekly.
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Figure 5.4

N concentrations in leaf (A), stem (B), root (C), and plant average N
concentration (D) measured in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and harvested biweekly.
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Figure 5.5

N content in leaf (A), stem (B), root (C), and average plant N content (D)
measured in Encore® azalea ‘Chiffon’ plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and harvested biweekly.
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Figure 5.6

Average N uptake from fertilizer (A), average N uptake efficiency from
fertilizer (B), and average N uptake rate (C) in Encore® azalea ‘Chiffon’
plants.

Encore® azalea ‘Chiffon’ plants were fertilized with 0 N (N0) or 15 mM N (N15) from
NH4NO3, grown in plastic containers (P) or paper biocontainers (B) over the 2013
growing season, and harvested biweekly.
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INFLUENCE OF NITROGEN FERTIGATION RATE AND FOLIAR UREA
APPLICATION ON PLANT GROWTH, NITROGEN, AND
CARBOHYDRATE STATUS OF ENCORE AZALEA
‘CHIFFON’ GROWN IN ALTERNATIVE
CONTAINERS
Abstract
Plant growth, nitrogen (N) uptake, and carbohydrate composition of Encore®
azalea ‘Chiffon’ were investigated in response to 0, 5, 10, 15, or 20 mM N fertilization
from NH4NO3 when grown in a traditional black plastic container or a biocontainer made
from recycled paper. A foliar spray of 3% urea in late fall was applied to one-half of the
plants to investigate its influence on plant N and carbohydrate concentrations. Use of the
biocontainer combined with higher N rates (10, 15, and 20 mM) increased plant growth
index (PGI), dry weights (leaf, stem, root, and total plant), root quality (root length and
surface area), and carbon (C) content (leaf, stem, root, and total plant) compared to
plastic containers. Biocontainers also increased leaf SPAD readings, flowers produced
per plant, and plant C concentration. Regardless the container type, plants fertilized with
5 or 10 mM N produced more flowers than those treated with other N rates. In general,
the combination of high N rates (10, 15, 20 mM), biocontainer, and urea resulted in
higher plant N concentration and content. In contrast, spraying urea in late fall generally
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decreased concentrations of glucose, fructose, sucrose, and starch. The decreased
carbohydrate concentrations may be a result of increased N assimilation in response to
the urea application. Leaf tissue accumulated more glucose, fructose, and sucrose than
stem or root tissues, while higher starch concentrations were found in root tissue than in
leaf and stem tissues. The paper biocontainers increased N uptake and carbohydrate
concentrations mainly by increasing plant biomass. Foliar urea spray in the fall can be
effective in improving N status of azalea plants without affecting plant biomass.
Introduction
Azalea (Rhododendron sp.), one of the most popular ornamental plants in the
U.S., has a market value of roughly 19 million dollars (USDA, 2015). In 2013 and 2014,
respectively 4.4 and 4.1 million azalea plants were sold in the U.S. (USDA, 2015).
Encore® azaleas, a series of branded, patented azaleas, have become a popular choice for
landscapes because of their good sun tolerance and ability to produce flowers in spring,
summer, and fall (Wilson Bros Nursery, 2009).
Appropriate application rate of N has long been an issue for commercial growers
aiming to optimize plant growth and minimize run-off of N fertilizer. Gastal and Lemaire
(2002) concluded N uptake under sufficient N supply was largely driven by internal plant
regulation, i.e., plant growth rate. Therefore, a dwarf cultivar with a slow growth rate
should have a relatively lower N requirement than a cultivar with a faster growth rate
within a species. Besides plant growth rate, N uptake of a given species is subject to a
number of other growing conditions in a production system such as irrigation method and
temperature (Scagel et al., 2011, 2012).

121

N fertigation not only influences tissue N concentration, but also alters
concentration of total nonstructural carbohydrates (TNC), both of which are important in
sustaining new growth (Bi et al., 2003, 2008; Cheng et al., 2004). Cheng et al. (2004)
concluded that N supply during the current season played an important role in sustaining
‘Concord’ grape (Vitis labruscana Bailey) growth and development, especially fruit
development. Total N content increased and TNCs decreased when dormant vines of
‘Concord’ grape (fertigated with 0, 5, 10, 15, or 20 mM N) were sprayed with 3% foliar
urea twice in late September (Cheng et al., 2004). Both plant biomass and N content
increased with increasing N fertigation rate in Hydrangea macrophylla ‘Merritt’s
Supreme’ (Bi et al., 2008). In addition, N concentration in both stem and root tissues
were found to be positively correlated with N fertigation rate in ‘Nonpareil’/’Nemaguard’
almond (Prunus dulcis) trees (Bi et al., 2003).
Cheng and Fuchigami (2002) reported new growth of young apple (Malus
domestica Borkh.) trees was promoted by N reserve from the previous fall, rather than by
carbohydrate status of the plants. Trees with high N and low carbohydrate reserves had
greater leaf area than trees with low N and high carbohydrate reserves. Cheng et al.
(2004) suggested vegetative growth and fruiting of young ‘Concord’ grape vines were
largely determined by reserve N, rather than reserve carbohydrates.
Foliar spray of urea was applied to a number of plants to increase N reserve and
improve spring growth (Bi et al., 2004, 2008; Xia and Cheng, 2004). Bi et al. (2008)
reported urea sprays in the fall can be as effective as N fertilization in the spring for
improving growth and flowering of Hydrangea macrophylla ‘Merritt’s Supreme’. In their
study, proper N fertigation during vegetative growth combined with foliar urea spray
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before defoliation was considered a useful strategy in the production of florists’
hydrangeas. Urea spray in the fall increased plant N content without affecting plant
biomass. For almond trees, both reserve N from the previous season and spring-applied N
fertilizer were considered important for the regrowth of bareroot almond nursery trees
after transplanting (Bi et al., 2003). Xia and Cheng (2004) reported concentrations of
both free amino acid-N and protein-N in one-year-old ‘Concord’ grapevines increased in
response to foliar application of urea.
Besides the benefit of increasing N reserve in the current season, foliar urea
application has been reported to increase total leaf area, yield, and total vine dry weight
of ‘Concord’ grape the following spring at any given N fertilization rate (Cheng et al.,
2004). Not only was N content of Rhododendron ‘P.J.M.’ and Rhododendron ‘Cannon’s
Double’ increased as a result of foliar urea spray without affecting plant size, but spring
growth of both cultivars was improved compared to plants receiving no urea (Bi et al.,
2007). Urea spray was also reported to alter nutrient uptake other than N, increasing
uptake of phosphorus (P), copper (Cu), and manganese (Mn), and decreasing uptake of
potassium (K) and magnesium (Mg) during the growing season following its application
(Scagel et al., 2008). On the other hand, concentration of nonstructural carbohydrates,
including starch, glucose, fructose, and sucrose, have been shown to decrease in response
to foliar urea application (Bi et al., 2004; Xia and Cheng, 2004).
Container production of horticultural plants has created widespread environmental
concern over the disposal of tons of plastic every year, with plastic containers being used
as the predominant container type due to their reliability, flexibility, and relatively low
price (Nambuthiri et al., 2015a). Schrader (2013) estimated plastic used for the
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production of container-grown ornamentals to be 1.66 billion pounds recently.
Alternative containers made from biodegradable materials, such as feather, peat, coir, or
manure, have been investigated in recent years to reduce use of traditional petroleumbased plastic containers and to improve consumer perception of sustainable practices in
ornamental plant production (Dennis et al., 2010; Hall et al., 2009, 2010; Yue et al.,
2011). These biocontainers were designed to feature the characteristics of being
plantable, compostable, or made from recycled plastic (Nambuthiri et al., 2015a).
Biocontainers made from different materials have been investigated in varying
production systems (Beeks and Evans, 2013; Evans and Hensley, 2004; Evans and
Karcher, 2004; Kuehny et al., 2011; Li et al., 2015) and were reported to have varying
influence on plant growth and water consumption characteristics with most biocontainers
producing plants of the same quality as their plastic counterparts (Koeser et al., 2013;
Wang et al., 2015; Nambuthiri et al., 2015b). Compared to the influence of biocontainers
on plant growth, there is relatively little information about biocontainer influence on
plant nutrient uptake.
The objectives of this study were to: 1) investigate plant growth and N status of
dwarf Encore® azalea ‘Chiffon’ in response to different N fertilization rates; 2)
investigate the influence of fall foliar urea application on plant N status and concentration
of carbohydrates; and 3) investigate whether use of biocontainers alters plant responses to
N rate and urea treatment.
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Materials and Methods
Plant culture
The study was conducted at Mississippi State University (lat. 33°26’ N, long.
88°47’ W) in 2013. One hundred 1-year-old liners of Encore® azalea ‘Chiffon’ were
potted into either one-gallon black plastic containers (treatment abbreviated as P) (GL
400; Nursery Supplies® Inc., Chambersburg, PA) or into biocontainers made from a mix
of recycled paper (treatment abbreviated as B) (7×7 RD; Western Pulp Products Co.,
Corvallis, OR). Pine bark (100% adjusted with 1lb/yard lime; ~ 1.5cm particle size) was
used as the growing substrate. All plants were fertilized with 250 ml of N-free fertilizer
(Cornell N. N Eq. 0-6-27; GreenCare Fertilizers, Kankakee, IL) twice each week from
Apr. 23 to Sep. 15, 2013 plus 0, 5, 10, 15, or 20 mM N from NH4NO3 (N fertigation
treatments abbreviated as N0, N5, N10, N15, N20, respectively). Irrigation was provided
as needed using a drip irrigation system during the growing season. One-half of the plants
from each treatment were sprayed with 3% urea on Nov. 5 (urea treatment abbreviated as
U) and one-half were sprayed with water as control (no-urea treatment abbreviated as W).
Plants were sprayed to the point of runoff.
Growth measurements
Plant height and widths (width 1: the greatest width; width 2: perpendicular to
width 1) were measured on every plant once every two weeks. Plant growth index (PGI)
was calculated as the average of plant height, width 1, and width 2. Leaf SPAD values
were measured on the first three to four fully expanded leaves once every two weeks
using a chlorophyll meter (SPAD 502 Plus; Konica Minolta, Tokyo, Japan). Flowers
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were counted on each plant during the season and the counts were summed to evaluate
flower production.
Each plant was destructively harvested, washed with deionized water to remove
substrate, and separated into root, stem, and leaf tissues on Dec. 7, 2013. Leaf area of
each plant was recorded upon harvest using a leaf area meter (LI-3100C; LI-COR Inc.,
Lincoln, NE). Root systems of three freshly harvested plants from each treatment were
scanned for total root length and surface area using an EPSON® Expression 10000XL
scanner (Epson America, Inc., Long Beach, CA) and analyzed using WinRHIZO
software (Regent Instruments Inc., Québec, Canada). Then each tissue sample was stored
at -80 °C before being freeze dried. Dry weight of each sample was recorded after being
freeze-dried to a constant weight. Total plant dry weight was calculated by summing the
dry weights of each tissue type for each plant.
N and C analyses
Each dried sample was ground for subsequent nutrient analyses using a Wiley
mill to pass a 40-mesh (0.42-mm) sieve. A 9- to 11-mg dry sample was used for total C
and N analyses with a dry combustion method using a Vario EL III elemental analyzer
(Elementar Americas Inc., Mt. Laurel, NJ) (Nelson and Sommers, 1996). Content of N
and C in each tissue was calculated by multiplying the dry weight of each tissue sample
by its corresponding nutrient concentration. Total N content and total C content were
estimated by summing the nutrient content from leaves, stems, and roots. Average
nutrient concentration was calculated by dividing the total nutrient content of each given
plant by its total dry weight.
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Analysis of starch
1.5 ml of 80% ethanol was added to 0.1 g of each freeze-dried sample. Samples
were then vortexed and placed in a water bath at 70 °C for 30 min before being
centrifuged at 11,000 rpm for 10 min. The supernatant was carefully poured out. This
procedure was repeated three times. Then the samples were placed into a fume hood with
the caps open to allow the alcohol to dry overnight and provide dried residue for starch
analysis. 1 ml of 100 mM sodium (Na)-acetate buffer with a pH of 4.5 was added to the
dried residue and then vortexed. The samples were placed in a boiling water bath for 15
min and then cooled to room temperature. 0.5 ml of amyloglucosidase solution (with 30
units dissolved in Na-acetate buffer) was added to each sample. Samples were vortexed
and then incubated in a water bath for 10 to 12 hours at 55 °C to digest starch into
glucose. After incubation, samples were centrifuged at 11,000 rpm for 10 minutes at
room temperature. 0.8 ml of supernatant was transferred to a new tube. Starch-derived
glucose was quantified using a high performance liquid chromatography (HPLC) system
and each resulting value was used to represent starch concentration.
Analyses of sugars
0.1 g of freeze-dried tissue sample was weighed into a 16 × 100 mm glass culture
tube. 1 ml of reverse osmosis water was added to the sample and the mixture was
centrifuged at 14,000 rpm for 10 min after being shaken horizontally for 15 min at 200
rpm. After centrifuging, 500 µl of supernatant was transferred into a 2-ml micro tube and
0.7 ml acetonitrile was added to the supernatant. The mixture was kept at room
temperature for 30 min and centrifuged at 14,000 rpm for 10 min. 500 µl of supernatant
was transferred into a new glass tube and dried. The dried sample was dissolved in 500
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µl 75% acetonitrile and filtered into an HPLC glass vial. Concentrations of glucose,
fructose, and sucrose were quantified using a HPLC system.
Experimental design and data analyses
The treatment design was a complete factorial with N rate (5 rates), container type
(2 types), and urea (2 rates) as the three experimental factors, providing 20 treatment
combinations. Five single plant replications were used. The experimental design was a
randomized complete block. PGI, SPAD, and flower count data were collected prior to
the urea application in November and therefore were not subject to urea effect.
Significance of main effects and interactions were examined with analysis of variance
(ANOVA) using the GLM procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC).
Where indicated by ANOVA, means were separated by Fisher’s Protected LSD test at P
< 0.05.
Results
Plant growth
PGI (at harvest), plant dry weight (for each tissue type and total plant), leaf area,
root length, and root surface area were influenced by the interaction of N rate and
container type (Table 6.1). Leaf SPAD readings at harvest and the number of flowers
produced per plant were influenced by the main effects of N rate and container type with
no significant interaction (Tables 6.2 and 6.3).
PGI was measured 14 times during the growing season starting from May 10. An
interaction between N rate and container type was found for the last five measurements
(Sep. 12, Sep. 19, Oct. 3, Oct. 17, and Nov. 6), all of which showed a similar trend (data
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not shown). By the last measurement, azalea plants grown in biocontainers and fertilized
with 10, 15, or 20 mM N had the highest PGIs (Table 6.1). Generally, higher N rates of
10 to 20 mM resulted in higher PGIs than 0 or 5 mM N in each container type.
Biocontainer-grown plants had higher PGIs than plastic container-grown plants using N
rates from 10 to 20 mM (Table 6.1). Plants grown in plastic containers had higher PGIs
than plants grown in biocontainers during the early part of the growing season (May 9,
May 24, June 6, June 18, and July 2) (data not shown). There was no significant effect of
container type during the mid-season measurements (July 18, Aug. 1, Aug. 13, Aug. 28).
Biocontainer-grown plants exhibited higher PGIs for the last five measurements at the
end of the growing season under higher N rates, when the interaction between N rate and
container type was significant in.
N rate and container type interacted to influence leaf area of azalea plants (Table
6.1). Application of urea did not significantly affect leaf area. Plants grown in
biocontainers and fertilized with N rates from 10 to 20 mM had comparable leaf areas, all
greater than those grown under N rates of 0 or 5 mM regardless container type (Table
6.1). Using each N rate from 10 to 20 mM, biocontainers resulted in greater leaf area than
plastic containers (Table 6.1). There was no significant difference in leaf area between
container types using N rates of 0 or 5 mM, but 5 mM N produced greater leaf area than 0
mM N.
N rate and container type interacted to affect root length and root surface area
with no effect from urea (Table 6.1). The greatest total root length and surface area were
produced by 10 and 15 mM N when plants were grown in biocontainers (Table 6.1).
Biocontainers resulted in better root growth, in terms of both root length and root surface
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area, than plastic containers using N rates from 5 to 20 mM. There was no difference in
root growth between containers when plants did not receive N.
Tissue dry weight shared a similar trend with PGI. Urea treatment did not affect
the dry weight of any tissue type or the total plant dry weight (Table 6.1). Plants
produced the greatest dry weights of leaf, stem, and total plant when grown in
biocontainers and fertilized with 10, 15, or 20 mM N. Using each N rate from 10 to 20
mM, biocontainers produced greater tissue dry weight and total dry weight than plastic
containers. Plants fertilized with 0 mM N produced the lowest dry weights in each tissue
as well as the total plant dry weight. Biocontainer-grown plants fertilized with 10 mM N
produced the greatest root dry weight.
Leaf SPAD readings
There was no significant difference in SPAD readings among treatments on May
9, 2013 at the beginning of the growing season (data not shown). Starting from the
second measurement on May 23, N rate significantly affected SPAD readings for the
subsequent thirteen measurements, with SPAD readings generally increasing with
increasing N rates from 0 to 20 mM (data not shown). By the last measurement on Nov.
1, 20 mM N resulted in the highest SPAD readings, higher than those using N rates from
0 to 10 mM, with no significant difference between 15 and 20 mM N, or between 10 and
15 mM N (Table 6.2). The effect of container type was significant for the last three
measurements (Oct. 3, Oct. 17, Nov. 1), with biocontainers resulting in higher SPAD
readings than plastic containers (Table 6.3).
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Flowering performance
Flowering performance was significantly influenced by N rate and container type
with no interaction between the two main effects (Tables 6.2 and 6.3). Plants in
biocontainers showed increased flowering with 11.5 flowers per plant during the season
compared to plants in plastic containers with 7.8 flowers per plant during the season
(Table 6.3). N rates of 5, 10, and 15 mM resulted in comparable total flower counts per
plant: 12.5, 15.0, 10.4, respectively (Table 6.2). Higher flower counts resulted from 5 and
10 mM N than 0 or 20 mM N, with 3.7 and 6.9 flowers per plant during the season.
Nitrogen and carbon analyses
The interaction among the three main effects (N rate, container type, and urea
treatment) was significant in affecting the N concentration in leaves, stems, and roots. In
leaves, the treatment combinations of N0-B-U, N5-B-U, and N20-P-U resulted in higher
leaf N concentration than other treatment combinations (Table 6.4). Urea treatment
increased leaf N concentration under each N rate in both container types (Table 6.4).
When plants were treated with urea, higher leaf N concentrations resulted from using
biocontainers compared with plastic containers for each N rate. By comparison, when
plants were not sprayed with urea, plastic containers produced higher leaf N
concentration than biocontainers using N rates from 10 to 20 mM (Table 6.4). No
significant difference in leaf concentration between container types was found using N
rates of 0 and 5 mM.
The highest N concentrations in roots were found using N rates of 10 to 20 mM
when plants were grown in biocontainers and treated with urea (Table 6.4). Urea
treatment increased root N concentration in both container types under all N rates, except
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there was no significant difference using 5 mM N and biocontainers. Biocontainers also
increased root N concentrations compared to plastic containers with each N rate
regardless of whether urea was applied or not. N rates of 10 to 20 mM generally resulted
in higher root N concentrations as well.
Plants grown in biocontainers, treated with urea, and fertilized with N rates from
10 to 20 mM had the highest stem N concentrations than any other treatment combination
other than those fertilized with 5 mM N, treated with urea , and grown in plastic
containers (Table 6.4). When plants were grown in biocontainers, urea spray increased
stem N concentration compared to no-urea treatment using each N rate. When grown in
plastic containers, the no-urea treatment increased stem N concentration using N rates of
0, 10, 15, and 20 mM. On average, treatment combinations of N10-B-U, N15-B-U, and
N20-B-U resulted in the highest plant N concentrations (Table 6.4).
Similar to tissue N concentration, N content in stems and the total plant was
significantly affected by the interaction among N rate, container type, and urea treatment
(Table 6.5). The treatment combinations of N10-B-U, N15-B-U, and N20-B-U resulted in
the highest N content in both stems and the total plant. As for total plant N content,
biocontainer-grown plants fertilized with higher N rates (10, 15, and 20 mM) had higher
N content than plastic container-grown plants regardless of urea treatment. N content in
leaves was affected by the interaction between N rate and container type and the
interaction between container type and urea treatment (Tables 6.6 and 6.7), whereas root
N content was affected by the interaction between N rate and container type, as well as
the main effect of urea (Tables 6.6 and 6.8). Under the interaction of N rate and container
type, both leaf and root N content shared similar trends with PGI and plant dry weight. In
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addition, urea increased root N content. The combined use of urea and biocontainers
produced the highest leaf N content.
C concentrations in leaves and stems were not significantly influenced by N rate,
container type, or urea treatment. Plastic containers resulted in higher C concentration in
roots than did biocontainers (Table 6.3). Plants grown in plastic containers had higher
average C concentration than plants grown in biocontainers (Table 6.3). C content in each
tissue type and the total plant was significantly affected by the interaction between N rate
and container type (Table 6.6). Sharing a similar trend with PGI and tissue dry weight, as
well as N content in leaves and roots, the highest C contents were found in plants
fertilized with higher N rates of 10, 15, and 20 mM N and grown in biocontainers, where
biocontainers increased tissue C content (using each N rate from 10 to 20 mM) by
increasing plant biomass.
Starch analyses
Starch-derived glucose in roots was not significantly influenced by N rate,
container type, or urea treatment. The paper biocontainers produced higher starch
concentration in stem tissues than did plastic containers (Table 6.3). By comparison, the
interaction among N rate, container type, and urea was significant in influencing starch
concentration in leaves (Table 6.9). Plants grown in plastic containers with no urea and
fertilized with 5, 15, and 20 mM N had higher starch concentrations in leaves than those
under other treatment combinations, with 15 mM N producing the highest leaf starch
concentration. When grown in plastic containers, plants receiving no urea had higher leaf
starch concentration than plants treated with urea at N rates of 5, 15, and 20 mM. Plastic
containers produced higher starch concentrations in leaves than biocontainers using N
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rates of 5, 15, and 20 mM with no urea treatment, and using N rate of 10 mM with urea
treatment. When starch concentration was compared among tissue types, there was a
higher starch concentration in roots than in stems or leaves (Table 6.10).
Sugar analyses
There was no significant interaction among factors in their effect on leaf glucose
concentration, with the main effects of container type, N rate, and urea being significant.
Biocontainers resulted in higher leaf glucose concentrations than did plastic containers
(Table 6.3). Urea treatment decreased leaf glucose concentration compared to the no-urea
treatment (Table 6.8). Higher leaf glucose concentrations were found using 15 and 20
mM N than using 0 and 10 mM N (Table 6.2).
An interaction among all three factors was significant for root glucose
concentration. Among all treatment combinations, the treatment combination of 10 mM
N, biocontainer, and no-urea produced a higher root glucose concentration than any other
treatment combination (Table 6.9). For glucose concentration in stems, the interactions
between pairs of factors were significant. Regardless of N rate, the treatment combination
of biocontainers and no-urea resulted in the highest stem glucose concentration (Table
6.7). The treatment combination of 10 mM N and no-urea produced comparable levels of
stem glucose concentration to 10 and 15 mM N with urea, but higher glucose
concentration than any other treatment combinations (Table 6.11). Using no urea, 10 mM
N resulted in higher stem glucose concentration than other N rates (Table 6.11). Using
urea, 10 and 15 mM N resulted in higher stem glucose concentration than 0 and 20 mM N
(Table 6.11). Biocontainers produced higher stem glucose concentrations using 10 and 20
mM N than did plastic containers (Table 6.6).
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Regarding fructose concentration in leaves, the interaction among N rate,
container type, and urea treatment was significant. The combination of 20 mM N,
biocontainers, and no-urea treatment resulted in the highest leaf fructose concentration,
higher than any other treatment combination except for the combination of 15 mM N,
biocontainers, and no-urea (Table 6.9). Biocontainers resulted in higher leaf fructose
concentration than plastic containers using N rates of 5 mM with urea, 10 mM without
urea, 15 mM without urea, and 20 mM with or without urea (Table 6.9). Urea treatment
decreased leaf fructose concentration in plants fertilized with 0 and 5 mM N grown in
plastic containers, with 10 mM N grown in biocontainers, and with 15 and 20 mM N
grown in both container types (Table 6.9). In general, the combination of biocontainers
and no-urea treatment resulted in the highest leaf fructose concentrations using N rates of
10, 15, and 20 mM.
Regarding fructose concentration in roots, an interaction between container type
and N rate and an interaction between N rate and urea treatment were significant. Urea
treatment decreased root fructose concentration compared to no-urea treatment using N
rates from 0 to 15 mM (Table 6.11). Higher root fructose concentrations resulted from
use of biocontainers than plastic containers using 10 and 20 mM N (Table 6.6). The
combination of 10 mM N and biocontainers resulted in the highest fructose
concentrations in root among all combinations of N rate and container type (Table 6.6).
Interactions between N rate and container type and between N rate and urea
treatment were both significant in influencing fructose concentrations in stems. Plants
fertilized with 10 mM N and grown in biocontainers had the highest stem fructose
concentrations (Table 6.6). Biocontainers increased stem fructose concentration
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compared to plastic containers using N rates of 10 to 20 mM (Table 6.6). Also, plants
fertilized with 10 mM N without urea treatment produced the highest stem fructose
concentration, comparable to plants fertilized with 10 and 15 mM N with urea and higher
than any other treatment combination of N rate and urea treatment (Table 6.11).
Sucrose concentration in azalea stems was significantly affected only by N rate,
with 10 and 15 mM resulting in higher sucrose concentration in than N rates of 0, 5, or 20
mM (Table 6.2). Sucrose concentrations in leaves were influenced by the interaction of N
rate and urea treatment, with 10 and 20 mM N no-urea treatment producing the highest
leaf sucrose concentration (Table 6.11). An interaction between container type and urea
treatment was also significant in affecting leaf sucrose concentrations, with plastic
containers and no urea resulting in the highest leaf sucrose concentration, followed by
biocontainers with or without urea treatment (Table 6.7). In terms of root sucrose
concentration, an interaction among all three factors (N rate, container type, and urea
treatment) was significant. The highest root sucrose concentration was found using 10
mM N without urea in biocontainer-grown plants (Table 6.9). For plants fertilized with
10 mM N and grown in biocontainers, the urea treatment decreased root sucrose
concentration (Table 6.9). Biocontainers produced higher sucrose concentrations in roots
than did plastic containers using 10 mM N with or without urea and using 15 mM N with
urea (Table 6.9).
Among all tissues, leaf tissues contained higher concentrations of fructose,
sucrose, and glucose than did stem and root tissues, with stem tissue having higher
concentrations of fructose, glucose and total sugars than root tissues. There were no
significant difference in sucrose concentration between stems and roots (Table 6.10).
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Discussion
Azalea plants did not respond to increasing N rate to the same extent as reported
for hydrangea (Bi et al., 2008). With higher N rates of 10 to 20 mM, there were mostly no
significant differences in PGI (at harvest), plant dry weight (in each tissue type as well as
in the entire plant), leaf area, or root growth (both length and surface area) in either
container type, suggesting 10 mM N might be sufficient to produce a quality plant of
Encore® azalea ‘Chiffon’. This cultivar is one of the most dwarf cultivars of Encore®
azalea, having a slow growth rate. With sufficient N supply, Gastal and Lemaire (2002)
considered uptake of N to be regulated by the internal requirements of a plant, i.e, the
plant growth rate. For this reason, increasing N supply will not increase plant growth.
Biocontainer-grown plants fertilized with 10 to 20 mM N had mostly higher readings of
the aforementioned response variables than did plastic container-grown plants using
higher N rates (10, 15, and 20 mM). Therefore, the paper biocontainers used in this study
produced a larger plant than did plastic containers by increasing plant growth rate during
the growing season.
Biweekly measurement of PGI throughout the growing season provided a
perspective on the timing of container effect, where superior effects of using the
biocontainers became significant later in the season (data not shown). Greater PGIs
resulted from use of plastic containers early in the season, whereas the use of
biocontainers with higher N rates resulted in higher PGI from mid-September through
harvest. The paper biocontainers have been reported to use more water than traditional
plastic containers with increased evaporative loss through container side wall (Koeser et
al., 2013; Wang et al., 2015). However, the evaporative cooling effect, associated with
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increased water use, has been reported to reduce heat stress and enhance plant growth
under hot summer conditions (Nambuthiri et al., 2015b). Azalea plants grown in full sun
in our study probably benefited from this cooling effect with use of the biocontainers.
With respect to tissue concentrations of N and C, plastic containers produced
higher N concentrations in leaf and stem tissues and higher plant C concentrations, with
biocontainers resulting in higher root N concentrations. However, N content, estimated
by multiplying tissue N concentration by tissue dry weight, was greater in each tissue
when plants were grown in biocontainers rather than plastic containers. Higher C content
also resulted from using biocontainer and higher N rates. Therefore, biocontainers
improved N uptake by increasing the absolute amount of N and C in the plants, rather
than by increasing tissue concentrations of N and C. When the effect of container type on
carbohydrates was significant, biocontainers increased concentrations of sucrose,
fructose, glucose, and starch compared to plastic containers, except plastic containers
resulted in higher starch concentrations than biocontainers in root tissue. In addition,
biocontainers also increased flower counts. Such results confirmed that the paper
biocontainer used in the study promoted plant growth, N uptake, and tissue carbohydrate
concentration by producing a larger and heathier azalea plant. As a result, increased N, C,
and carbohydrate concentrations were more associated with increased plant size and
biomass than with use of increased N fertigation rate.
Application of urea in our study increased tissue N concentrations and average N
concentrations in the azalea plants without altering biomass. Improved N status was also
found with rhododendron (Rhododendron ‘P.J.M’), azalea (Rhododendron ‘Cannon’s
Double’), and hydrangea (Hydrangea macrophylla ‘Merritt’s Supreme’) (Bi et al., 2007,
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2008). Rhododendrons and azaleas sprayed with urea had more new growth in the
following spring whether they received fertilizer in spring or not (Bi et al., 2007). In
another study with almond trees (Prunus dulcis (Mill) D. A. Webb), increased N supply,
either from N fertigation or foliar urea spray, increased the proportion of N stored as free
amino acids (Bi et al., 2004). In our study, increasing the N fertigation rate from 0 to 20
mM did not result in increased plant N concentration, with plants fertilized with 20 mM
N showing stress symptoms to different degrees. Foliar urea treatment may serve as a
good alternative to increase N reserve for better spring growth. Azalea plants grown in
biocontainers fertilized with 0 and 5 mM N showed the highest N concentrations in
leaves after the urea spray (Table 6.4), suggesting N-deficient plants were more efficient
in absorbing foliar-applied urea.
The effect of urea on carbohydrate concentrations was opposite to the effect on N
concentrations. Urea spray resulted in decreased carbohydrate concentrations, in terms of
fructose, glucose, and sucrose in leaves and roots as well as starch in leaves, with
concentrations of sugars in stems and starch in roots and stems not significantly affected
by urea treatment. Such results are consistent with the effect of urea application reported
on almond trees and ‘Concord’ grapevines (Bi et al., 2004; Cheng et al., 2004; Xia and
Cheng, 2004). The decreased carbohydrate concentrations were attributed to the
increased N assimilation because of the improved plant N status caused by increasing N
fertigation rate or the application of urea (Bi et al., 2004). Xia and Cheng (2004) found
that a considerable portion (60%) of the decreased C from carbohydrates was recovered
in proteins and amino acids.
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Depending on plant species, either N or carbohydrate reserve can be considered as
the main resource for promoting spring growth (Bi et al., 2004; Cheng and Fuchigami,
2002; Cheng et al., 2004). There has been no reports regarding the major form of nutrient
reserve on any of the Encore® azalea cultivars, but this can be established by further
research on spring growth of these azaleas. The major form of carbohydrate and storage
N also varies among species. For instance, Bi et al. (2004) suggested that protein was the
primary form of storage N for almond trees. Cheng et al. (2004) concluded that reserve
nitrogen, instead of carbohydrates, was mainly responsible for both vegetative growth
and fruiting of young ‘Concord’ vines. Similar conclusions were reported with young
apple trees (Cheng and Fuchigami, 2000, 2002). If this is the case for Encore® azalea
‘Chiffon’, good N status in the current growing season will serve an important role in
sustaining multiple-season flowering, but this assumption will require further research on
spring growth.
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Dry weights

Plant growth, dry weights, leaf and root growth of Encore® azalea ‘Chiffon’ plants.

PGIy, x

Leaf
area

Root
length

Root
N rate
Container
Leaf
Stem
Root
Total
surface
area
z
2
(mM)
(cm )
(g)
(g)
(g)
(g)
(cm)
(cm2)
0
Biocontainer
10.8 f
21 d
0.23 d
1.48 d
1.63 ef
3.34 d
3653 de
202 de
Plastic
12.8 e
25 d
0.27 d
1.80 d
1.36 f
3.43 d
2602 de
130 e
5
Biocontainer
15.9 cd
149 c
1.61 bc
2.72 c
3.19 c
7.52 bc
5541 c
348 c
Plastic
15.1 d
123 c
1.24 c
2.75 c
2.38 d
6.36 c
3510 de
209 de
10
Biocontainer
22.7 a
399 a
4.31 a
5.40 a
5.89 a
15.61 a
8016 a
599 a
Plastic
18.2 b
218 b
2.16 b
4.15 b
3.25 c
9.56 b
3740 d
269 cd
15
Biocontainer
21.9 a
360 a
3.87 a
5.90 a
5.30 b
15.06 a
7290 ab
563 a
Plastic
17.5 bc
172 bc
1.70 bc
4.01 b
2.53 cd
8.25 bc
2706 de
199 de
20
Biocontainer
22.2 a
351 a
3.67 a
5.94 a
4.53 b
14.14 a
6301 bc
462 b
Plastic
18.0 b
149 c
1.38 c
3.41 bc
2.12 de
6.92 bc
2366 e
163 e
N*C
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
0.0011
0.0001
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and sprayed with urea or water as control in late fall. Responses were influenced by the interaction of N fertigation
rate and container type.
y
PGI (plant growth index) = [plant height + plant width 1 (greatest width) + plant width 2 (perpendicular to width 1)] ÷ 3.
x
Different lower-case letters within a column suggest significant difference indicated by Fisher’s Protected LSD test with a Pvalue < 0.05.

Table 6.1

Table 6.2
N rate
(mM)z

Leaf SPAD readings, flower count per plant, and concentrations of glucose
and sucrose in different tissues of Encore® azalea ‘Chiffon’ plants.
SPADy

Flowers per
plant (no.)

Glucose (mg/g)

Sucrose (mg/g)

Leaf
Stem
0
20.7 d
3.7 c
1.34 d
1.30 c
5
25.8 c
12.5 a
1.72 bc
1.42 bc
10
31.5 b
15.0 a
1.63 c
1.74 a
15
32.6 ab
10.4 ab
1.86 ab
1.64 a
20
33.9 a
6.9 bc
1.93 a
1.48 b
< 0.0001
< 0.0001
< 0.0001
< 0.0001
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by main effect of N fertigation
rate.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
Table 6.3

Containerz

Biocontainer
Plastic
P-value

Leaf SPAD readings, flower count per plant, and concentrations of C and
sugars in different tissues of Encore® azalea ‘Chiffon’ plants.

SPADy

29.9 a
27.9 b
0.0016

Flowers
per plant
(no.)
11.5 a
7.8 b
0.0203

Root C
concentration
(%)
44.2 b
46.8 a
< 0.0001

z

Average plant
C
concentration
(%)
44.6 b
45.3 a
0.0018

Glucose
(mg/g)

Starch
(mg/g)

Leaf
1.88 a
1.69 b
< 0.0001

Stem
2.43 a
2.16 b
0.0383

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by main effect of container type.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
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Table 6.4

N concentrations in different tissues of Encore® azalea ‘Chiffon’ plants.
N concentration in leaf (%)
ratez

Biocontainer
Plastic
P-value

N
(mM)
Urea
No-urea
Urea
No-urea
N*C*U

0y

5

10

15

20

2.01 a
0.80 h
1.66 d
0.78 h
0.0081

2.00 a
0.80 h
1.93 ab
0.91 h

1.48 e
0.90 h
1.74 cd
1.07 g

1.77 cd
1.09 g
1.84 bc
1.34 f

1.83 bc
1.16 g
2.00 a
1.31 f

N concentration in stem (%)

Biocontainer
Plastic
P-value

N rate
(mM)
Urea
No-urea
Urea
No-urea
N*C*U

0

5

10

15

20

1.40 g
0.57 lm
0.63 lm
1.30 h
< 0.0001

0.81 kj
0.67 l
1.64 cd
1.47 fg

1.71 bc
0.78 k
0.98 i
1.51 ef

1.80 ab
0.87 j
1.02 i
1.57 de

1.81 a
0.83 jk
1.04 i
1.58 de

N concentration in root (%)

Biocontainer
Plastic
P-value

N rate
(mM)
Urea
No-urea
Urea
No-urea
N*C*U

0

5

10

15

20

1.32 f
1.21 g
0.73 j
0.46 l
0.0043

1.51 cd
1.42 de
0.87 i
0.50 k

1.65 ab
1.50 d
0.97 h
0.57 k

1.59 bc
1.45 d
0.96 h
0.68 j

1.72 a
1.34 ef
1.03 h
0.69 j

Average plant N concentration (%)
N rate
0
5
10
15
20
(mM)
Biocontainer
Urea
1.4 c
1.35 c
1.62 b
1.71 a
1.79 a
No-urea
0.91 j
1.02 gh
1.09 fg
1.13 f
1.07 fg
Plastic
Urea
0.74 k
1.39 c
1.12 f
1.14 ef
1.21 de
No-urea
0.92 ij
1.00 hi
1.09 fg
1.25 d
1.26 d
N*C*U
< 0.0001
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the interaction of N fertigation
rate, container type, and foliar urea spray.
y
Different lower-case letters within a section/tissue suggest significant difference among
all twenty treatment combinations indicated by Fisher’s Protected LSD test with a Pvalue < 0.05.
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Table 6.5

Nitrogen content in stems and the entire plant of Encore® azalea ‘Chiffon’
plants.
N content in stem (mg)

Biocontainer
Plastic
P-value

N rate
(mM)z
Urea
No-urea
Urea
No-urea
N*C*U

0y

5

10

15

20

20.9 ghi
8.2 i
11.6 i
22.3 ghi
< 0.0001

23.3 ghi
17.1 hi
43.9 def
41.6 ef

88.3 b
43.8 def
37.9 efg
66.5 c

105.7 a
51.64 cde
41.7 ef
61.9 c

103.0 ab
51.8 cde
32.9 fgh
59.0 cd

Total N content (mg)
N rate
0
5
10
15
20
(mM)
Biocontainer
Urea
45.2 efg
104.7 cd
241 a
260.1 a
245.8 a
No-urea
30.8 fg
74.6 de
178.5 b
169.7 b
155.9 b
Plastic
Urea
26.2 g
85.2 cd
95.5 cd
95.0 cd
77.8 cde
No-urea
30.4 fg
66.3 def
114.5 c
102 cd
94.9 cd
N*C*U
0.0371
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the interaction of N fertigation
rate, container type, and foliar urea spray.
y
Different lower-case letters within a section/tissue suggest significant difference among
all twenty treatment combinations indicated by Fisher’s Protected LSD test with a Pvalue < 0.05.
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N*C

< 0.0001

0.97 b
0.81 e

0.89 cd

Plastic

Biocontainer
Plastic

0.96 bc

0.9 bcd

Plastic

Biocontainer

1.11 a

0.91 bcd

Plastic

Biocontainer

0.87 de

Biocontainer

0.87 de

Plastic

(mg/g)

(mg/g)

0.0021

0.78 bcde
0.73 f

0.75 def

0.78 bcd

0.75 ef

0.83 a

0.76 cde

0.79 bc

0.80 b

0.78 bc

Root

Stem

0.85 de

Fructose

Glucosey

Biocontainer

Container

< 0.0001

0.99 b
0.77 e

0.86 d

0.97 bc

0.86d

1.15 a

0.89 cd

0.86 d

0.87 d

0.85 de

(mg/g)

Stem

Fructose

0.0003

(mg/g)
1.37
abc
0.75 e
1.26
abcd
0.96 de
1.14
bcd
1.52 a
1.25
abcd
1.36
abc
1.38 ab
1.07 ac

Stem

Starch

54.4 a
22.2 bc
<
0.0001

26.1 b

55.1 a

28.7 b

51.1 a

16.9 c

22.7 bc

3.1 d

3.0 d

(mg)

Leaf

69.1 c
18.2 ef
<
0.0001

20.6 e

81.1 b

24.1 e

92.7 a

16.1 ef

46.7 d

8.3 f

20.5 e

(mg)

Root

Nitrogen content

1667 a
620 c
<
0.0001

788 bc

1788 a

962 b

1931 a

548 c

717 bc

125 d

98 d

(mg)

Leaf

1970 b
986 ef
<
0.0001

1181 de

2360 a

1527 c

2604 a

1121 de

1402 cd

633 g

728 fg

(mg)

Root

2674 a
1526 bc
<
0.0001

1795 b

2648 a

1849 b

2397 a

1177 c

1244 c

795 d

655 d

(mg)

Stem

Carbon Content

Concentrations of carbohydrates, N and C content in different tissues of Encore® azalea ‘Chiffon’ plants.

6310 a
3132 cd
<
0.0001

3762 bc

6797 a

4338 b

6932 a

2846 d

3363 cd

1552 e

1480 e

(mg)

Total

Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from NH4NO3, grown in plastic containers or paper
biocontainers, and sprayed with urea or water as control in late fall. Responses were influenced by the interaction of N fertigation
rate and container type.
y
Different lower-case letters within a column suggest significant difference indicated by Fisher’s Protected LSD test with a P-value
< 0.05.

z

Pvalue

20

15

10

5

0

z

N rate
(mM)

Table 6.6

Table 6.7

Leaf N content and stem glucose concentration of Encore® azalea ‘Chiffon’
plants.

N contenty
Glucose
Sucrose
Starch
z
Container
Leaf
Stem
Leaf
Stem
(mg)
(mg/g)
(mg/g)
(mg/g)
Biocontainer
Urea
46.4 a
0.93 b
3.53 b
1.08 bc
No-urea
28.1 b
0.98 a
3.17 b
1.48 a
Plastic
Urea
21.4 c
0.88 bc
2.20 c
1.27 b
No-urea
17.4 c
0.87 c
4.05 a
1.00 c
C*U
0.0006
0.0397
< 0.0001
< 0.0001
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the interaction of container
type and foliar urea spray.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
Table 6.8

Root N content and leaf glucose concentration Encore® azalea ‘Chiffon’
plants.

Urea treatmentz

N content (mg)y

Glucose (mg/g)

Root

Leaf

Urea

42.8 a

1.72 b

No-urea

36.7 b

2.13 a

0.0096
< 0.0001
P-value
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the main effect of foliar urea
spray.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
z
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Table 6.9

Concentrations of carbohydrates in different tissues of Encore® azalea
‘Chiffon’ plants.
Glucose in root (mg/g)

Container
Biocontainer
Plastic
P-value

N rate
(mM)z
Urea
No-urea
Urea
No-urea
N*C*U

0y

5

10

15

20

0.8 efgh
0.86 bc
0.78 gh
0.87 b
0.0132

0.81 cdefg
0.87 b
0.78 gh
0.84 bcde

0.83 cdef
1.00 a
0.77 gh
0.84 bcde

0.82 cdefg
0.84 bcd
0.77 h
0.82 cdefg

0.79 fgh
0.86 bc
0.77 h
0.80 efgh

Fructose in leaf (mg/g)
Container
Biocontainer
Plastic
P-value

N rate
(mM)
Urea
No-urea
Urea
No-urea
N*C*U

0

5

10

15

20

1.26 fg
1.67 def
0.88 g
1.64 def
0.0189

2.23 c
2.1 c
1.41 fg
2.15 c

1.67 edf
2.24 bc
1.56 ef
1.69 def

1.88 cde
2.62 ab
1.55 ef
1.99 cd

1.93 cde
2.78 a
1.46 f
2.14 c

Sucrose in root (mg/g)
Container
Biocontainer
Plastic
P-value

N rate
(mM)
Urea
No-urea
Urea
No-urea
N*C*U

0

5

10

15

20

1.33 e
1.44 cde
1.46 cde
1.75 bc
0.0100

1.52 cde
1.68 bcd
1.33 e
1.55 cde

2.02 b
2.97 a
1.47 cde
1.68 bcd

1.75 bc
1.52 cde
1.35 e
1.60 cde

1.45 cde
1.67 bcde
1.38 de
1.66 cde

Starch in leaf (mg/g)
N rate
Container
0
5
10
15
20
(mM)
Biocontainer
Urea
1.79 cdef
1.55 ef
2.06 c
1.85 cd
1.87 cd
No-urea 1.83 cde
1.51 f
2.07 c
1.80 cde
1.57 ef
Plastic
Urea
1.62 def
1.80 cde
1.64 def
1.69 def
1.67 def
No-urea 1.84 def
2.35 b
1.86 cd
3.09 a
2.47 b
N*C*U
0.0002
P-value
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the interaction of N fertigation
rate, container type, and foliar urea spray.
y
Different lower-case letters within a section/tissue suggest significant difference among
all twenty treatment combinations indicated by Fisher’s Protected LSD test with a Pvalue < 0.05.
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Table 6.10

Concentration of carbohydrates of Encore® azalea ‘Chiffon’ plants.

Starchz, y
Fructose
Glucose
Sucrose
(mg/g)
(mg/g)
(mg/g)
(mg/g)
Leaf
1.91 b
1.91 a
1.74 a
3.25 a
Stem
2.29 b
0.91 b
0.91 b
1.51 b
Root
5.96 a
0.78 c
0.83 c
1.63 b
< 0.0001
< 0.0001
< 0.0001 < 0.0001
P-value
z
Encore® azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by plant tissue type.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
Tissue type

Table 6.11

N rate

Concentration of carbohydrates in different tissues of Encore® azalea
‘Chiffon’ plants.
Urea
treatment

Glucosey

Fructose

(mM)z

Sucrose

Stem
Root
Stem
Leaf
(mg/g)
(mg/g)
(mg/g)
(mg/g)
0
Urea
0.83 f
0.76 de
0.82 e
1.82 e
No-urea
0.89 de
0.83 ab
0.90 bcde
2.76 de
5
Urea
0.90 cde
0.75 e
0.89 cde
3.11 cd
No-urea
0.88 de
0.80 bc
0.86 de
3.05 cd
10
Urea
0.97 abc
0.74 e
0.97 abc
3.11 cd
No-urea
1.04 a
0.84 a
1.05 a
3.82 b
15
Urea
0.97 ab
0.74 e
0.97 ab
2.94 cd
No-urea
0.89 de
0.78 cd
0.86 de
3.55 bc
20
Urea
0.86 de
0.73 e
0.85 de
2.64 de
No-urea
0.92 bcd
0.77 de
0.91 bcd
4.60 a
N*U
0.0129
0.0446
0.0060
0.0020
P-value
z
®
Encore azalea ‘Chiffon’ plants were fertilized with 0, 5, 10, 15 or 20 mM N from
NH4NO3, grown in plastic containers or paper biocontainers, and sprayed with urea or
water as control in late fall. Responses were influenced by the interaction of N fertigation
rate and foliar urea application.
y
Different lower-case letters within a column suggest significant difference indicated by
Fisher’s Protected LSD test with a P-value < 0.05.
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CONCLUSION
Biocontainers were superior to plastic containers for plant growth using N rates of
10, 15, and 20 mM, with the biocontainer-grown plants having greater plant growth index
(PGI), plant dry weights (leaf, stem, root, and total), leaf area, root length, and root
surface area than plastic container-grown plants. SPAD readings increased with
increasing N rate. N rate of 10 mM N should be sufficient for azalea plants grown in
plastic containers, whereas 15 mM N may be required for plants grown in biocontainers.
In general, plant and tissue concentrations of macro- and micronutrients were
comparable between biocontainers and plastic containers, except plastic containers
resulted in higher plant nitrogen (N) and lower manganese (Mn) and boron (B)
concentrations than did biocontainers in plants fertilized with 15 or 20 mM N. Increasing
N rate not only increased plant growth and N uptake, but also increased nutrient uptake of
all other tested macro- and micronutrients. Plant dry weight was greater for plants grown
in biocontainers, resulting in greater contents of N, phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), iron (Fe), Mn, copper (Cu), zinc (Zn), and B than plastic
containers when plants were fertilized with 15 and 20 mM N. Biocontainer-grown plants
produced better vegetative growth, whereas plastic container-grown plants irrigated once
a day and fertilized with 20 mM N produced the highest flower count.
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Encore® azalea ‘Chiffon’ responded better to one irrigation than two irrigations
per day, with one irrigation per day resulting in a greater PGI, root dry weight, root total
length, and root surface area, possibly resulting from better aeration in the substrate with
one irrigation per day. The effect of irrigation frequency on nutrient uptake was seen
more with roots than the entire plant, with one irrigation per day increasing root contents
of N, Fe, Zn, Cu, and B and root concentrations of Cu and Zn compared to two irrigations
per day.
During the growing season from May to November 2013, biocontainer-grown
plants had three flushes of growth and the plastic container-grown plants had only two
flushes. Plants grown in plastic containers stopped accumulating biomass and N by the
end of August. However, plants in biocontainers fertilized with 15 mM N produced a
third flush of growth in mid-September, resulting in significantly greater plant growth
index, dry weights (leaf, stem, root, and total), plant N content, and N uptake efficiency
compared with plants grown in plastic containers.
Foliar urea application in the fall increased plant N concentration and content
without stimulating new growth, especially in combination with 10, 15, and 20 mM N
and biocontainers. In contrast, urea application decreased tissue concentrations of
glucose, fructose, sucrose, and starch to varying degrees using both container types and
different N rates. The decreased carbohydrate concentrations could be a result of
increased N assimilation in response to the urea application.
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